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A full-sky free-free template is increasingly important for the high-sensitivity Cos-
mic Microwave Background (CMB) experiments, such as Planck. On the Galactic
plane, where free-free estimations from Hα measurements become unreliable, Radio
Recombination Lines (RRLs) can be used to determine the thermal brightness tem-
perature unambiguously with no dust contamination. RRLs are a powerful tool for
the diagnostic of the interstellar medium, tracing the ionised component, its electron
temperature, velocity and radial distributions.
This thesis describes the investigation of the ionised emission from Hii regions and
diffuse gas along the Galactic plane using RRLs, with the aim of providing a map of
the free-free emission to complement the high latitude Hα observations. Measuring
the free-free emission on the Galactic plane is of great importance to understand and
characterise other Galactic emission components: synchrotron, anomalous dust and
thermal dust emission.
The fully-sampled Hi Parkes All-Sky Survey and associated deep Zone of Avoid-
ance Survey are re-analysed to recover extended RRL emission. They include three
RRLs (H166α, H167α and H168α) at frequencies near 1.4 GHz. A data cube covering
ℓ = 20◦ to 44◦ and |b| ≤ 4◦ is constructed of RRL spectra with velocity and spatial
resolution of 20 km s−1 and 14.8 arcmin, respectively. Well-known Hii regions are
identified as well as the diffuse RRL emission on the Galactic plane.
In order to convert the integrated RRL emission into a free-free brightness temper-
ature a value of the electron temperature (Te) of the ionised gas is needed. Using the
continuum and line data from the present survey, the variation of Te with Galactocen-
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tric radius was derived for the longitude range ℓ = 20◦ to 44◦, with a mean Te on the
Galactic plane of 6000 K. The derived Te variation was used to obtain the first direct
measure of the free-free brightness in this region of the Galactic plane. Subtraction
of this thermal emission from the total continuum at 1.4 GHz leaves the first direct
measurement of the synchrotron emission. A narrow component of width 2◦ is identi-
fied in the synchrotron latitude distribution. Determining the free-free and synchrotron
emission in this region of the Galactic plane identifies the anomalous microwave com-
ponent, when combined with WMAP and IRIS data. The results are in agreement with
models of small spinning dust grains.
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1Introduction
This Chapter provides the background and introduction to the work in this thesis. Sec-
tion 1.1 summarises the observations of the Cosmic Microwave Background and ex-
plains the relevance of this work in the study and modelling of its Galactic foregrounds.
Section 1.2 introduces Radio Recombination Lines (RRLs) and their applications to
Galactic astrophysics, in particular to the study of the free-free emission. Finally, Sec-
tion 1.3 gives the goals and outline of this thesis.
1.1 Observations of the Cosmic Microwave Background
The Cosmic Microwave Background (CMB) radiation was first discovered in 1965
by Penzias & Wilson (Penzias & Wilson 1965), as a temperature excess of 3.5 K in
their measurements of the sky background. This is explained in terms of an expanding
Universe. The temperature decreases as T (z) = T0(1 + z), where z is the redshift and
T0 is the temperature at z = 0. By the time of recombination, about 400,000 years
after the Big Bang or z ∼ 1000, the Universe had cooled to a temperature of ∼3000 K.
At this temperature, matter can no longer remain ionised and so the electrons combine
with protons to form neutral hydrogen atoms. The CMB is formed at the surface of
last scattering at z ∼ 1000 when the photons last interact with free electrons and the
Universe becomes transparent.
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The CMB radiation has a spectrum that fits a blackbody curve with great preci-
sion, showing that the Universe was in perfect thermal equilibrium when recombina-
tion occurred. The Far Infra-Red Absolute Spectrometer (FIRAS) instrument aboard
COBE (Cosmic Background Explorer, Smoot et al. 1992), was the first to compare the
CMB radiation spectrum to a Planck curve, and found a temperature of 2.725±0.002
K (Mather et al. 1999).
In order for structures to form and evolve to what we see today, there had to be den-
sity fluctuations in the Universe at those early stages and thus, those inhomogeneities
should be imprinted in the CMB. The first detection of CMB fluctuations was an-
nounced by the COBE team. The Differential Microwave Radiometers (DMR) instru-
ment measured a characteristic anisotropy of ∆T/T ≈ 6 × 10−6 in its maps (Smoot
et al. 1992), on large angular scales. The CMB temperature fluctuations are studied as
a function of angular scale, known as the angular power spectrum. A scalar field on a
sphere can be expressed as a series of spherical harmonics,
∆T
T
(θ, φ) =
∑
ℓm
aℓmYℓm(θ, φ) (1.1)
where θ and φ are the usual spherical angles. Each value of ℓ corresponds to a particular
size scale of ≃ 180◦/ℓ. For a given ℓ the power is (2ℓ + 1)Cℓ/4π, where Cℓ = 〈|aℓm|2〉.
The CMB angular power spectrum, in temperature TT, is usually given as the power
per logarithmic scale defined by
(
∆T
T
)2
rms
=
ℓ(ℓ + 1)Cℓ
2π
. (1.2)
ℓ = 0 corresponds to the mean CMB temperature and ℓ = 1, the dipole, is dominated
by the motion of the Earth relative to the CMB. The polarisation of the microwave
radiation is due to the scattering by electrons of the quadrupole ℓ = 2 component of
the CMB anisotropies. The linear polarisation of the CMB is decomposed in two com-
ponents: a gradient (E) and a curl (B) modes. The E mode was discovered by the
Degree Angular Scale Interferometer (DASI, Kovac et al. 2002) with a spectrum con-
sistent with theoretical predictions based on primordial scalar adiabatic fluctuations.
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Figure 1.1: The WMAP 7-year Internal Linear Combination (ILC) map of the CMB
anisotropies. The linear scale is from −200 to 200 µK. Credit: NASA/WMAP Science
Team.
B modes are expected to arise from gravity waves from the time of inflation, there-
fore their detection would be the next major discovery in cosmology. Their intensity
is usually described in the form of a ratio r, the ratio between the tensor and scalar
perturbations. The BB mode power spectrum obtained by the Wilkinson Microwave
Anisotropy Probe (WMAP, Bennett et al. 2003) data is consistent with zero, with an
upper limit on r of 0.36 (Larson et al. 2011). The Planck satellite should be able to
detect a tensor-to-scalar ratio of & 0.1.
The best current map of the CMB anisotropies is provided by the WMAP satellite
after surveying the entire sky for 7 years and its shown in Fig. 1.1. The resulting power
spectrum in Fig. 1.2 shows a main peak at ℓ ∼ 200. This corresponds to angular scales
of ϑ ≃ 180◦/200 ≃ 0◦.9, where the CMB anisotropies are seen to dominate in Fig.
1.1. The CMB is a powerful tool in constraining cosmological constants and theories
about the evolution of the Universe. The best fit to the CMB power spectra is given
by a ΛCDM model (Hinshaw et al. 2009; Reichardt et al. 2009; Brown et al. 2009) of
a flat universe dominated by a cosmological constant with adiabatic and nearly scale-
invariant Gaussian fluctuations.
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Figure 1.2: The WMAP 7-year power spectrum of the CMB temperature anisotropies.
Credit: NASA/WMAP Science Team.
However, measurements of the CMB have to be corrected for foreground emission
if the true cosmological information is the be extracted. CMB foregrounds, all the
emission between us and the surface of last scattering, are usually categorised as extra-
galactic and Galactic foregrounds.
1.1.1 Extra-Galactic CMB foregrounds
Extra-galactic foregrounds to the CMB are separated into point sources and the Sunyaev-
Zeldovich effect.
Point sources are a dominant contamination of CMB observations at small angu-
lar scales, ℓ >∼ 400. Once they are resolved by the telescope beam they need to be
accurately subtracted. At larger angular scales, the background of faint radio sources
can also be an important contributor to the measured sky brightness. Radio source
counts at mm wavelengths down to the rms in CMB observations (hundreds of mJy)
are needed to account for the fluctuations in the number of weak sources. The WMAP
survey generated a source catalogue complete to a 1 Jy limit, whereas recent observa-
tions by Massardi et al. (2011) using the Australia Telescope Compact Array (ATCA)
at 20 GHz detect 5808 extragalactic sources with a flux limit of 40 mJy. At frequencies
below ∼ 150− 200 GHz Active Galactic Nuclei dominate the point source population,
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whereas at higher frequencies, where dust emission becomes important, dusty galaxies
are the main sources (Planck Collaboration et al. 2011c).
The Sunyaev-Zeldovich (SZ) effect (Sunyaev & Zeldovich 1970) is the distortion
of the CMB spectrum due to the interaction of the CMB photons with relativistic elec-
trons. The intra-cluster medium of dense clusters of galaxies is highly ionised and
has temperatures as high as 108 K. The interaction of this gas with the much colder
CMB photons is through inverse Compton scattering, which produces a difference in
the incoming and scattered radiation, distorting the spectrum. This difference is small,
of about 100 − 1000 µK, and is seen as a cool region at frequencies smaller than
∼ 220 GHz and a hot region at higher frequencies. At a frequency of about 220 GHz,
or λ ∼ 1 mm, the distorted and undistorted spectra have the same intensity. The SZ
effect is proportional to the integral
∫
neTedl along the line of sight, where ne and Te
are the electron density and temperature of the intra-cluster gas. A further contribution
to the SZ effect, is from the bulk motion of the cluster with respect to the CMB. This is
called the kinetic SZ effect, as opposed to the thermal SZ effect described before. The
SZ contribution to the CMB fluctuations increases with multipole moment l.
1.1.2 Diffuse Galactic foregrounds
The Galactic foregrounds are the most difficult to account for. They are usually char-
acterised in terms of a temperature spectral index β, T ∝ νβ, which can vary with fre-
quency and sky position. Since they originate from different processes in the Galaxy,
one needs to map them across the whole sky.
Free-free emission
The free-free radio continuum emission, or thermal bremsstrahlung, arises from the
acceleration of unbound charged particles in the ionzed gas and is described by the
radiation transfer equation. The interaction between two charged particles involves a
change in their direction, meaning acceleration and therefore they radiate. Radiation
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in the radio is produced by distant encounters between the particles, where Coulomb
forces are small and the particles are considered to continue travelling in a straight line.
A full calculation requires a sum over all directions, impact parameters and velocities
and it is well described by Oster (1961). Since this is the Galactic emission under study
in this thesis, it will be described in more detail in the next Chapter.
The free-free emission is a principal foreground contaminant of the CMB at fre-
quencies between 10 and 100 GHz. It becomes a major component near the Galactic
plane where it is produced in the gas layer ionised by radiation from recently formed
stars. A true all-sky foreground template needs to include this low Galactic latitude
component if the CMB power spectrum is to be correctly evaluated at low values of
angular scale ℓ.
The spectral index β of the free-free emission is a slowly varying function of fre-
quency and electron temperature (Bennett et al. 1992; Dickinson et al. 2003). It can
lead to significant discrepancies in the predicted radio emission over a wide range of
frequencies if not accounted for. With a typical value of 7000 K for the electron tem-
perature of the gas, at 1.4 GHz β ≃ −2.10 and at 33 GHz β ≃ −2.13.
Synchrotron emission
Synchrotron emission is the radiation produced when relativistic electrons are accel-
erated in magnetic fields. Their energy distribution is given by dN(E) ∝ E−p, where
p is the spectral index (Longair 1994). Diffuse synchrotron emission originates from
the interaction of cosmic rays with the Galactic magnetic field, but localised regions
of synchrotron emission are also observed. These are mainly Supernova Remnants
(SNRs) whose progenitors, Supernovae, are sources of cosmic ray electrons.
The surface brightness Iν of the synchrotron radiation depends on the energy power
spectrum of the electrons and on the magnetic field intensity B as follows:
Iν ∝ B(p+1)/2ν−(p−1)/2 (1.3)
(Longair 1994). The power law in the cosmic ray distribution results in a power law in
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the synchrotron emission, with a temperature spectral index of β = −(p + 3)/2. For a
typical spectral index p of 2.5, β is −2.75.
The synchrotron emission is linearly polarised on a plane perpendicular to the mag-
netic field, with a polarisation fraction given by Π = (p + 1)/(p + 7/3). For p = 2.5,
Π = 0.72 (Longair 1994). However, the measured polarisation of the synchrotron
emission is not usually as high as the intrinsic polarisation of 72 per cent. This is
due to several factors: the presence of a random component of the magnetic field, dif-
ferent field alignments along the line of sight, depolarisation in the observing beam
and Faraday rotation. Faraday rotation is the process by which the polarisation angle
of radiation changes when passing through the partially ionised interstellar gas that is
permeated by the Galactic magnetic field (Spitzer 1998). The rotation angle θ between
the direction of the incident radiation and the magnetic field direction is given by λ2R,
where λ is in m and R, the Rotation Measure, is in rad m−2. Faraday rotation increases
with decreasing frequency.
The synchrotron emission is well traced at low frequencies and is the dominant
CMB foreground for ν < 1 GHz, with a spectral index of −2.7 > β > −3.2 (Davies
et al. 1996). It is stronger on the Galactic plane, with a large contribution from SNRs.
Thermal Vibrational Dust emission
Dust grains in the Galaxy are heated by the interstellar radiation field (ISRF) absorbing
ultraviolet and optical radiation which is re-emitted in the infrared via vibration of the
grains. The dust population is thought to be composed by Big Grains (BGs), Very
Small grains (VSGs) and Polycyclic Aromatic Hydrocarbons (PAHs). These three
populations are needed to fit the observed infrared emission (Mathis et al. 1977; Desert
et al. 1990; Draine & Li 2001; Zubko et al. 2004).
The BGs, about 1 µm in size, are in equilibrium with the ISRF and therefore a
temperature TD is usually defined, associated with a modified blackbody spectrum
of the form I(ν) ∝ Bν(TD)νβ. Schlegel, Finkbeiner, & Davis (1998) use the COBE
Diffuse Infrared Background Experiment (DIRBE) data to find dust temperatures in
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the range 17 to 21 K, fitting the spectrum for the diffuse interstellar medium (ISM) at
high latitude with β = 2. Recent results from the Planck satellite favour a spectral index
of β = 1.8 with a mean temperature TD = 17.9 for the local ISM (Planck Collaboration
et al. 2011a). The spectrum peaks at around 100 µm and so BGs are the main CMB
foreground contributor from 100 GHz to 800 GHz.
Emission from VSGs and PAHs is dominant at even higher frequencies, ν > 3000 GHz.
The VSGs spend most of the time at a low temperature, emitting strongly when they ab-
sorb one single ultraviolet (UV) photon and are heated temporarily to several hundreds
of degrees Kelvin. PAHs, first discovered by Gillett et al. (1973), are a combination of
multiple aromatic hydrocarbons and their emission is concentrated in bands, from 3.3
to 11.3 µm.
Anomalous microwave emission
Recent observations have revealed an extra emission component at 10 − 60 GHz. The
first observation of this excess emission was made by Kogut et al. (1996) using COBE
data and explained as free-free emission and thermal dust. Subsquent observations by
Leitch et al. (1997) ruled out the free-free origin due to the lack of Hα associated with
it and showed a correlation between the excess emission at 14.5 GHz and infrared data
from the Infrared Astronomical Satellite (IRAS) at 100 µm. Possible explanations have
been suggested for the origin of this emission (Bennett et al. 2003; Draine & Lazarian
1999; Jones 2009) and the strong candidate is electric dipole emission from spinning
dust grains (Draine & Lazarian 1998; Ali-Haı¨moud et al. 2009) which is expected to
be correlated with far infra-red dust emission.
This electric dipole emission is due to the rapid rotation of VSGs. It is expected
to have a steep rise with frequency, β ≃ 3, peaking at about 20 − 30 GHz and falling
with a cut-off in the grain rotation at ν >∼ 40 GHz. Spinning dust models have been
successfully used to fit observations both from Galactic objects (Finkbeiner et al. 2002;
Watson et al. 2005; Davies et al. 2006; Scaife et al. 2009) and from the external galaxy
NGC 6946 (Murphy et al. 2010; Scaife et al. 2010), showing that anomalous emission
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Figure 1.3: Spectrum of G160.26-18.62 in the Perseus molecular cloud, showing the
best fit model consisting of free-free, spinning dust and thermal dust emission. The
dot-dashed and dotted lines are two components of the spinning dust model (Dickinson
et al. 2003).
must be a common mechanism in the ISM. The most precise spinning dust spectra
measured to date have been recently obtained with Planck. An example, for the Perseus
molecular region is given in Fig. 1.3. The higher frequency part of the spinning dust
spectrum is clearly measured for the first time, constraining the contributions from the
various phases of the ISM (Planck Collaboration et al. 2011d).
1.1.3 Component separation
The determination of the various Galactic foregrounds with higher accuracy is neces-
sary as CMB studies move to higher precision. Foreground component separation is
based on template maps, which are maps of Galactic emission at the frequencies where
each of the components is known to dominate. From there, a spectral index is derived
or assumed to extrapolate the emission to the CMB observing frequencies.
The 408 MHz map from Haslam et al. (1982) is used as the template for syn-
chrotron emission, as it is the only all-sky map with adequate resolution, 51 arcmin,
at a sufficiently low frequency. The synchrotron spectral index is known to vary with
frequency and sky position and a value of β ∼ −3.0 is usually assumed to extrapolate
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Figure 1.4: Full-sky Hα map corrected for dust absorption, at 1◦ resolution. Grey
regions correspond to absorption greater than 1 magnitude (Dickinson et al. 2003).
the 408 MHz map to frequencies up to 90 GHz.
Thermal dust emission is well traced by the most sensitive full-sky map at 100 µm
from IRAS, the Infrared Astronomical Satellite, at a resolution of 6 arcmin. Using
IRAS and COBE data Finkbeiner et al. (1999) derived a two-component model for
dust emission from 200 to 2100 GHz that is described by an emissivity spectral index
of β = +1.7 at frequencies below 500 GHz. It takes account of the variation of dust
temperature in the sky, by using the 100 µm/240 µm COBE/DIRBE colour ratio. The
mean temperature of the low frequency component is 9.4 K. The Finkbeiner et al.
(1999) model is commonly used as the template for thermal dust emission.
The free-free template is derived from Hα observations, which trace the same
ionised hydrogen gas as the RRLs and the underlying free-free continuum (Chapter
2). A full-sky Hα map can be obtained from the combination of the northern Wiscon-
sin H Alpha Mapper (WHAM, Haffner et al. 2003) and the Southern H Alpha All-Sky
Survey (SHASSA, Gaustad et al. 2001) Hα surveys. However, in order to convert the
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Hα line intensity into free-free brightness temperature, the absorption by interstellar
dust must be taken into account. This correction is significant at intermediate and low
latitudes, where the dust concentration is higher. Dickinson et al. (2003) have used the
Schlegel, Finkbeiner, & Davis (1998) DT dust map, derived from the IRAS and DIRBE
100 µm all-sky surveys for a fixed temperature of 18.2 K, to correct the Hα intensities
from the combination of the WHAM and SHASSA surveys. The result is shown in Fig.
1.4. At |b| . 5◦ the correction breaks down and accordingly the derived Hα intensity is
unreliable. In this region RRLs provide an alternative to the optical Hα recombination
line, since their intensity is not affected by the heavy dust absorption along the Galactic
plane.
A free-free template that includes the Galactic plane is crucial for CMB obser-
vations of the whole sky. It helps to understand the other Galactic foregrounds, the
anomalous dust emission and the synchrotron. It is somewhat difficult to observe the
anomalous dust emission since its associated continuum emission is mixed in with the
synchrotron and the free-free. Even so constraints can be put on the different models
for anomalous dust emission. Davies et al. (2006) use the templates described above
to derive a spectral index of β = −2.85 for the favoured spinning dust model of the
anomalous dust emission in regions of high Galactic latitude, from 23 to 41 GHz. The
relative contribution of the foreground components in such regions is shown in Fig.
1.5. It is seen that the minimum foreground contamination is at ν ∼ 60 GHz, where
the free-free emission is a major contributor.
1.2 The Galaxy in Recombination Lines
RRLs are used in this work to estimate the free-free CMB foreground on the Galactic
plane, where Hα observations are of no use (Chapter 2). In this Section I introduce
RRLs and how they are used to observe and study the ionised gas in the Galaxy. I start
from Hii regions which are the strongest free-free emitting sources on the Galactic
plane and lead on to the diffuse gas.
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Figure 1.5: Galactic foreground temperature as a function of frequency. Blue repre-
sents synchrotron (β = −3.1); green is the free-free (β = −2.14); red is the vibrational
dust (β = +1.7) and magenta is spinning dust emission. The thick black line is the com-
bination of all the foregrounds and the thin black line represents the CMB black-body
fluctuations (Davies et al. 2006).
1.2.1 Radio Recombination Lines from Hii regions
The possibility of detecting radio line transitions between highly excited levels of
atoms in the ISM was first noted by van de Hulst (1945). However, he overestimated
the broadening of the lines, concluding that they would be too weak to be detected.
The opposite conclusion was reached by Kardashev (1959), who predicted that excited
hydrogen radio lines should be detectable in Hii regions. This stimulated subsequent
experiments and theoretical investigations and the discovery of such lines was reported
a few years after (Dravskikh & Dravskikh 1964; Sorochenko & Borozich 1965). The
first RRL detection by Sorochenko & Borozich (1965) was towards the Omega nebula,
at 8872.5 MHz, the frequency of the hydrogen transition from n = 91 to 90.
RRLs have been widely used in astrophysics, especially as probes of the physical
conditions of the line emitting plasma and Hii regions. From the observation of a
single transition, the electron temperature can be determined by comparing the energy
radiated in the line to that in the underlying free-free continuum. This is one of the
most accurate methods to determine the electron temperature (Te). The central velocity
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of the line and its width give information about systematic motions of the gas and
turbulence, and can be used to derive the distance and location of the region under
study in the Galaxy. By comparing H and He lines, one can investigate the abundance
of single ionised helium from interstellar enrichment. Moreover, RRLs trace the sites
of current star formation.
The radio recombination line-to-continuum ratio has been used to obtain the vari-
ation of Te with Galactocentric radius (Downes et al. 1980; Shaver et al. 1983; Wink
et al. 1983; Paladini et al. 2004). Te increases with increasing Galactocentric radius
due to a gradient of metallic elements in the Galaxy. Metals cool Hii regions through
radiation in spectral lines because they are excited by collisions with free electrons.
Thus, higher metallicity Hii regions are at a lower electron temperature. Since the star
formation rate is higher in the inner parts of the Galaxy, the metallicity decreases with
Galactocentric radius, meaning that the electron temperature increases. High angular
resolution RRL observations have also been used to study Te variations within Hii re-
gions. The Te of an Hii region depends on the UV field of the ionising star and the
distribution of gas around it, which determines the fraction of UV light that escapes
the compact region to ionise the surrounding diffuse gas.
Hii regions are usually classified according to their physical properties. Table 1.1
lists the typical values of the physical parameters of Hii regions and their classifica-
tion (Kurtz 2005). Several low angular resolution observations have shown that com-
pact and ultracompact Hii regions (UCHii) are surrounded by low-density ionised gas
(Mezger et al. 1967; Koo et al. 1996; Kurtz et al. 1999). The physical relationship
between the compact and extended components is still unclear. Two possible expla-
nations are an intrinsically density-structured medium or a dynamical evolution of the
ionised gas, or even the combination of the two. The smaller and denser regions are
generally still embedded in the natal molecular cloud, thus only observable at infrared
and radio frequencies (Wood & Churchwell 1989; Walsh et al. 1998; Hanson et al.
2002).
At the spatial resolution of ∼ 15 arcmin of the present study, the free-free emission
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Table 1.1: Physical parameters of Hii regions (Kurtz 2005).
Class of Size Density Emis. Meas. Ionized Mass
Region (pc) (cm−3) (pc cm−6) (M⊙)
Hypercompact . 0.03 >∼ 106 >∼ 1010 ∼ 10−3
Ultracompact . 0.1 >∼ 104 >∼ 107 ∼ 10−2
Compact . 0.5 >∼ 5 × 103 >∼ 107 ∼ 1
Classical ∼ 10 ∼ 100 ∼ 102 ∼ 105
Giant ∼ 100 ∼ 30 ∼ 5 × 105 103 − 106
Supergiant > 100 ∼ 10 ∼ 105 106 − 108
is mostly dominated by low density, extended Hii regions, thus the emission is optically
thin at 1.4 GHz (Chapter 2). However, this may not apply to the brightest Hii regions,
that usually have UCHii counterparts.
1.2.2 Observations of the Extended Ionised Medium in the Galac-
tic plane
RRLs have been detected not only in individual Hii regions but also towards positions
away from Hii regions. The first observations of this diffuse ionised gas by Gottesman
& Gordon (1970) detected a distinct H157α signal from three directions in the first
quadrant of the Galactic plane. In the subsequent years, further observations indicated
that the physical conditions of this diffuse RRL emitting gas are the same as expected
from extended, low-density Hii regions rather than from cold (< 800 K), partially
ionised gas, as originally suggested by Cesarsky & Cesarsky (1971). Analysis of the
H110α line away from discrete Hii regions by Shaver (1976) gave average electron
densities between 5 and 10 cm−3, in agreement with the results from Matthews et al.
(1973), that gave < Ne >= 2 to 10 cm−3 and < Te >= 6000 ± 1000 K.
Supporting evidence of these results came from locating the diffuse RRL emission
in the Galaxy. Observations of the H157α line along the Galactic plane from ℓ = 9◦.4 to
80◦.6 by Gordon & Cato (1972), along with H166α line measurements by Hart & Ped-
lar (1976) and Lockman (1976) covering the longitude range 358◦≤ ℓ ≤ 50◦, showed
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a spatial correlation between the diffuse gas and the discrete Hii regions. Furthermore,
they showed that the diffuse RRL emitting gas is not connected with the HI, suggesting
that this emission arises from the vicinity of Hii regions rather than in a cold, partially
ionised component of the ISM.
Mezger (1978) suggested that the 80% of the O stars that Mezger & Smith (1976)
found not to be located within Hii regions could form extended regions of what he
called ”extended, low-density” (ELD) fully ionised gas. He estimated typical values
of 7000 K and 3 cm−3 for electron temperature and density, respectively. This was
confirmed by H272α line observations by Anantharamaiah (1985a,b) at 325 MHz.
These low frequency line measurements showed that the main part of the detected
diffuse emission comes from the low-density, outer envelopes of Hii regions. Fig. 1.6
is a longitude-velocity diagram that illustrates the results, showing that the locations of
the discrete Hii regions (points) are in general the same as those of the ionised diffuse
gas (contours and lines). The observations gave electron densities of 1 to 10 cm−3,
electron temperatures between 3000 and 8000 K, emission measures in the range 500
to 3000 cm−3pc and sizes of 30 to 300 pc. Heiles, Reach, & Koo (1996b) detected RRL
emission from 418 positions along the Galactic plane (ℓ = 0◦ to 60◦) and confirmed that
emission coming from the extended low-density warm ionised medium (ELDWIM,
following Petuchowski & Bennett 1993) located in the Galactic arms has an average
Te of 7000 K and Ne of 5 cm−3 and occupies ∼ 1% of the volume.
The origin of Hii regions with low densities and surface brightness is probably the
combination of a few possible mechanisms. The expansion of compact Hii regions
can lead to lower electron densities and emission measures (Anantharamaiah 1986;
Lockman et al. 1996). The evolution of Hii regions from the giant molecular clouds
by means of stellar winds from the hot star, can disperse the cocoons around it or
isolated Hii regions, leaving UV radiation available to ionise larger areas of the ISM
(Churchwell & Walmsley 1975). Cosmic rays from supernovae, originally thought to
be the only source of large-scale ionisation (Pikelner 1967; Spitzer & Tomasko 1968;
Field et al. 1969; Hjellming et al. 1969), are also a possible contributor.
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Figure 1.6: Longitude-velocity diagram of the 272α (horizontal lines), H166α (con-
tours) and H110α (points) RRLs. The horizontal lines, that represent the half-power
width of the 272α lines and the dots, that locate the Hii regions observed by Downes
et al. (1980), are superposed on the ℓ−v diagram from Lockman (1976). From Anan-
tharamaiah (1986).
1.2.3 The large-scale ionised gas in the Galaxy
The diffuse ionised gas is only observed in RRLs at low Galactic latitudes, which give
a thin layer of diffuse gas with a scale height ranging from 36 pc (Gordon et al. 1972)
to 100 pc (Hart & Pedlar 1976; Mezger 1978; Anantharamaiah 1986), whereas the
optical recombination line Hα has detected the ionised component up to much higher
latitudes. On the plane and in some high latitude regions, such as the Gould’s Belt
system, strong interstellar absorption makes it difficult to interpret the Hα data.
The WHAM survey, the most sensitive Hα survey to date, reveals that the Hα line
detected in nearly all directions of the sky with a pervasive faint background IHα >
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0.1 R (1 R or Rayleigh is defined as 106/4π photons s−1cm−2sr−1 ≡ 2.41 × 107 erg
s−1cm−2sr−1 ≡ 2.25 cm−6pc for Te = 8000 K). This diffuse ionised gas is thought to
extend to heights above the Galactic plane considerably higher than the ionised gas
along the plane observed with RRLs. It consists of regions of warm (104 K), low-
density (0.1 cm−3), nearly fully ionised hydrogen that occupy approximately 20% of
the volume within a 2 kpc thick layer about the Galactic midplane (Reynolds 1991;
Nordgren et al. 1992; Taylor & Cordes 1993; Haffner et al. 1999). There is a consider-
able interest in the relationship between the narrow diffuse ionised distribution with a
scale height of z ∼ 100 pc with the thick component with z ∼ 1000 pc (Gaensler et al.
2008). Issues of concern are the clumpiness (filling factor), the scale height and the
electron temperature as well as the transport of ionising radiation from the hot stars in
the narrow to the broad distribution.
1.3 Thesis goals
In this Chapter I have discussed the importance of obtaining a full-sky free-free tem-
plate for CMB foreground subtraction and discuss how RRLs can be used for this
purpose. The main goal of this thesis is to provide a map of the free-free emission on
the Galactic plane using RRLs to complement the high latitude Hα observations. This
map is derived in the present work for the region ℓ = 20◦ to 44◦ and |b| ≤ 4◦, at 1.4 GHz
and 14.8 arcmin resolution, using the Hi Parkes All-Sky Survey (HIPASS) and associ-
ated Zone of Avoidance (ZOA) Survey. This is the first fully sampled measurement of
the free-free emission along the Galactic plane uncontaminated by synchrotron emis-
sion. The fact that line and continuum data are available from the HIPASS/ZOA survey
make this a unique dataset for which the electron temperature of the diffuse ionised gas
and Hii regions can be determined as a function of Galactocentric radius. It also allows
a synchrotron map to be derived from the difference between the total continuum and
the free-free for the first time. The velocity information of the RRLs is used to map the
distribution of the diffuse ionised emission in the ℓ − V plane and hence a distribution
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in the Galactic disk.
The outline of the thesis is as follows: in Chapter 2 I present the theory of radio
continuum and line emission from ionised regions. Chapter 3 gives a description of
the HIPASS data. Chapter 4 presents the first results from the initial analysis of the
datacube centred at ℓ = 40◦, which was a major part of this work. In Chapter 5 the
improved RRL data analysis pipeline is introduced along with the final maps of RRL
integrated emission for the three zones under study, centred at ℓ = 40◦, ℓ = 32◦ and
ℓ = 20◦. It also compares the results from the upgraded pipeline with the initial pipeline
used in Chapter 4. The final free-free map is presented in Chapter 6 along with its
applications for Galactic and CMB science. Finally, Chapter 7 gives the conclusions
of this work and a look towards the future of this project.
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2Radio Continuum and Line Emission
from Hii regions
Radio recombination lines are used to identify Hii regions because they occur in ionised
plasmas, when the electrons combine with protons and become bound. The electron
is in a high state of energy and it can immediately jump to a lower level (giving rise
to a resonance line) or it can cascade downwards level to level emitting energy in a
series of lines, known as recombination lines. Well known hydrogen recombination
lines are Hα and Hβ, transitions from principal quantum numbers n = 3 to 2 and n = 4
to 2, respectively, both in the optical. For higher level transitions, n ≥ 40, the line will
be in the radio domain. At such high energy levels, the radius of the electron’s orbit
becomes large and thus the electron “sees” the nucleus as a point mass. Therefore, for
all atomic species, the recombination line spectrum is hydrogenic, with the frequency
of the transitions given by:
ν = Z2RXc
(
1
n2
− 1(n + ∆n)2
)
(2.1)
where ν is in GHz, Z is the nuclear charge of the ion of species X, RX is the Rydberg
constant for species X and c is the speed of light. RX is given by RX = 10.97373(1 +
me/MX)−1, for a nucleus mass MX and electron mass me. A transition for a given
species X from level n+∆n to level n is denoted Xn∆n. ∆n = 1 transitions are called α
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Table 2.1: Properties of other atomic species relevant to RRL observations. The veloc-
ity offsets from hydrogen are listed in the last column (Roelfsema & Goss 1992).
Species Mass First ionisation potential Abundancea VX − VH
(amu) (eV) km s−1
Hi 1.0078 13.6 1 0
Hei 4.0026 24.6 0.1 122.1
Ci 12.0000 11.4 3 × 10−4 149.5
Mgi 23.9850 7.6 3 × 10−5 156.3
Sii 27.9769 8.2 3 × 10−5 157.3
Si 37.9721 10.3 2 × 10−5 158.0
Zib ∞ 163.2
asolar abundance by number, relative to H (Lang 1974)
bZ is used for all elements heavier than Sulfur
lines, ∆n = 2 are β lines, ∆n = 3 are γ lines, etc. For example, H166α is the hydrogen
transition from level 167 to 166. From equation (2.1) it follows that the separation
of the lines of different atomic species are independent of the quantum level n, when
expressed in terms of radial velocity. Table 2.1 shows a table of the velocity shifts
relative to hydrogen, for a number of ions (from Roelfsema & Goss 1992).
The first detection of helium RRLs, He156α, He158α and He159α, was reported
by Lilley et al. (1966b) towards the Omega nebula. A year later, Goldberg & Dupree
(1967) identified a line, which had been detected by Palmer et al. (1967) at a frequency
slightly higher than the He109α, as radiation coming from the excited carbon C109α
line. There are other elements, apart from those in Table 2.1, with an ionisation po-
tential below 13.6 eV, but they are even less abundant than C, Mg, Si and S, thus they
are expected to produce very weak RRL emission. Also, the decreasing separation of
the lines in velocity space, makes it impossible to distinguish between the lines from
different high mass species. Figure 2.1 shows the 168α spectrum of NRAO 608 where
the carbon RRL appears to be blended with emission from heavier elements (Onello &
Phillips 1995).
46 DIFFUSE RRL EMISSION ON THE GALACTIC PLANE
2.1: TRANSFER EQUATION, CONTINUUM RADIATION AND THE Hα LINE
Figure 2.1: 168α recombination line spectrum of NRAO 608 (G48.6+0.0) showing
emission from H, He, C and heavier elements (Onello & Phillips 1995).
2.1 Transfer Equation, Continuum radiation and the
Hα Line
2.1.1 Transfer equation
In order to quantitatively understand how radiation travels through a medium, we first
consider loss and gain mechanisms disregarding the atomic processes. The macro-
scopic theory that describes the propagation of radiation through a gas cloud is given
by the Equation of Transfer:
dIν
ds = −κνIν + jν (2.2)
which shows that the change in specific intensity Iν in a slab of material of thickness
ds will change along the line of sight if radiation is absorbed or emitted. κν and jν,
the absorption and emission coefficients, respectively, describe the physical processes
occurring in the medium. The optical depth is defined as
τν(s) =
∫ s
s0
κvds (2.3)
where s is the distance that the radiation travels toward the observer from the most
distant part of the cloud, s0. In Local Thermodynamic Equilibrium (LTE), when the ra-
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diation is in equilibrium with its surroundings, the brightness distribution is described
by the Planck function, Bν(Te). Hence, when dIν/ds = 0
Iν = Bν(Te) = jν/κν (2.4)
where the ratio jν/κν is called the ”source function”, usually symbolised by S . jν =
κνBν(Te) and is called the Kirchhoff’s law.
Using equations (2.3) and (2.4) in the integration of the transfer equation (2.2),
Iν(s) then becomes
Iν(s) = Iν(0)e−τν(s) +
∫ τν(s)
0
Bν(Te)e−τdτ (2.5)
where Iν(0) is the background emission being attenuated by the gas cloud. If the
medium is isothermal this equation can be computed explicitly, resulting in
Iν(s) = Iν(0)e−τν(s) + Bν(Te)(1 − e−τν(s)). (2.6)
In the radio regime, hν≪ kT , the Planck function can be approximated by Bν(Te) =
2kTeν2/c2, the Rayleigh-Jeans approximation. In practice in radio astronomy, the in-
tensity of radiation is measured in units of temperature, the brightness temperature
Tb. This is the temperature which would result in the given intensity if inserted into
the Rayleigh-Jeans law, Iν = 2kTb/c2. Therefore, equation (2.5) can be computed as
follows
Tb(s) = Tb(0)e−τν(s) + Te(1 − e−τν(s)) (2.7)
again, for an isothermal medium. This result can be even further simplified if the
background radiation is ignored. Two limiting cases are often considered:
optically thin, τ ≪ 1,
Tb = Teτν (2.8)
and optically thick, τ ≫ 1,
Tb = Te. (2.9)
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2.1.2 Continuum Thermal radiation
The continuum radiation underlying RRLs in Hii regions is the free-free emission,
from unbound charged particles. The absorption coefficient for continuum radiation is
difficult to calculate, as noted by Oster (1961), who derives an expression valid for the
Rayleigh-Jeans domain as follows
κC =
(NeNi
ν2
) ( 8Z2e6
3
√
3m3c
) (
π1/2
2
) (
m3/2
kT
)
< g > (2.10)
where Ne and Ni are the densities of electrons and ions, respectively. < g > is the
velocity-averaged Gaunt factor, that comprises all the terms by which the quantum
mechanical expressions differ from the classical ones. The evaluation of the Gaunt
factor has been refined over the years. Hummer (1988) gives accurate Gaunt factors
(to 0.7 per cent), for a range of frequencies and temperatures.
Altenhoff et al. (1960) suggested a simple approximation for the absorption coeffi-
cient, given by
κC ≈
0.08235NeNi
ν2.1T 1.35e
(2.11)
where ν is in units of GHz, Ne in cm−3, Te in K and κC in pc−1. The error in this
approximation is of the order a few per cent at low frequencies, but it increases to
5 − 20 per cent for frequencies above 10 GHz.
It is common to use the formalism introduced by Mezger & Henderson (1967),
that relates the optical depths derived by Oster (1961) and Altenhoff et al. (1960).
They introduce the factor a(T, ν) as follows
a =
τC(Oster)
τC(AMWW) = 0.366ν
0.1
GHzT
−0.15
e × [ln(4.995 × 10−2ν−1GHz) + 1.5 ln(Te)]. (2.12)
This factor can be computed for relevant frequencies and temperatures, it is of the order
unity, and is convenient because it produces a simple formula for the free-free optical
depth,
τC = 8.235 × 10−2aT−1.35e ν−2.1GHz(EM) (2.13)
where EM is the emission measure, defined as
EM =
∫
Ne(s)Ni(s)ds =
∫ (
Ne(s)
cm−3
)2
d
(
s
pc
)
(2.14)
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where it was assumed that Ni(s) = Ne(s), which should be reasonable due to the large
abundance of hydrogen and helium.
Finally, following the result in equation (2.8), the free-free continuum brightness
temperature in LTE for an optically thin medium can be written as
TC = 8.235 × 10−2aT−0.35e ν−2.1GHz(1 + 0.08)(EM). (2.15)
The factor (1 + 0.08), where 0.08 is a typical value for the ratio N(He+)/N(H+), ac-
counts for the contribution from the fraction of helium atoms, all of which are assumed
to be singly ionised.
2.1.3 Hα emission from ionised hydrogen
EM is an important quantity to obtain in order to determine the free-free emission via
equation (2.15). The same ionised hydrogen that produces the radio continuum also
generates Hα emission. Both optical and radio emission are functions of the electron
temperature Te and depend on EM. The intensity of the Hα recombination line depends
on whether the emitting medium is optically thin in all lines (case A) or if it is optically
thick to the Lyman continuum photons (case B). In Hii regions and nebulae studied
using Hα, it is believed that case B applies (Osterbrock 1989). Based on Hα data from
Hummer & Storey (1987), Valls-Gabaud (1998) gives an accurate expression for the
Hα intensity in units of erg s−1cm−2sr−1, for case B:
I(Hα) = 9.41 × 10−8T−1.0174 10−0.029/T4(EM) (2.16)
where T4 is the electron temperature in units of 104 K and EM is in cm−6pc. Using the
previous expression for the Hα line intensity along with equation (2.15), Dickinson
et al. (2003) obtained the relationship between free-free and Hα emission as follows
TC
IHα
= 8.396 × 103aν−2.1GHzT 0.6674 100.029/T4(1 + 0.08) (2.17)
where TC is in µK and IHα is in Rayleighs (R). Dickinson et al. (2003) also correct
the equation for the Gaunt factor (Oster 1961) in Valls-Gabaud (1998) to explain the
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difference between their results on the TC/IHα relation. Assuming an electron temper-
ature of 7000 K, it follows that the free-free brightness temperature per unit Rayleigh
at 1.4 GHz is 3.87 mK.
RRLs are emitted under the same conditions as the optical Hα line, thus provide an
independent measure of EM. They will be treated in more detail in the next sections.
2.2 The intensity of radio recombination lines
When line radiation is considered, the macroscopic parameters κν and jν presented in
Section 2.1.1 must be related to the atomic properties of matter. According to Einstein
(1916), there are three different processes occurring in the formation of an atomic
spectral line that contribute to the intensity Iν passing through a slab of material. These
are spontaneous emission, stimulated emission and absorption, each of which with
an associated probability of occurring given by the Einstein coefficients A21, B21 and
B12, respectively. Each system making a transition from level E2 to E1 contributes
the energy hν0 distributed over the full solid angle 4π. The absorption and emission
coefficients are then given by:
κν =
hν0
c
(N1B12 − N2B21)ϕ(ν) (2.18)
and
jν = hν04π N2A21ϕ(ν) (2.19)
where Nn is the number of atoms having the electron in the principal quantum state n
and ϕ(ν) is the line profile function. Nn is given by the Boltzmann distribution
N2
N1
=
b2
b1
g2
g1
e−hν0/kTe (2.20)
where gn is the statistical weight of the quantum state n. bn, the departure coefficient
from LTE, is the ratio of the actual number of atoms having the electrons in level n to
the number which would be there if the population were in LTE. Thus, by definition,
in LTE the departure coefficient is equal to 1.
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The three Einstein coefficients are related by the equations
g1B12 = g2B21 (2.21)
and
A21 =
8πhν30
c3
B21. (2.22)
Replacing these two expressions in equation (2.18), results in
κν =
c2
8πν20
g2
g1
N1A21
[
1 − b2b1
exp
(
−hν0kTe
)]
ϕ(ν). (2.23)
The Einstein coefficients can also be related to the oscillator strength, a measure of
the transition’s strength, by
f12 = mec
3
8ν20π2e2
g2
g1
A21 (2.24)
where f12 is the absorption oscillator strength, and f21 = − f12g1/g2 is the emission
oscillator strength. Oscillator strengths for quantum levels appropriate to hydrogen
RRLs have been tabulated by Goldwire (1968) and by Menzel (1969). Menzel (1968)
gives the useful approximation
f12 ≈ n1M∆n
(
1 + 1.5∆n
n1
)
(2.25)
where M∆n = 0.190775, 0.026332, 0.0081056 for ∆n = 1, 2 and 3, respectively.
2.2.1 RRL intensity under LTE conditions
Some considerations can be made to compute the absorption coefficient for a given
hydrogen recombination line in LTE. The Einstein coefficient Anm for hydrogen has
been determined by many different authors. The correspondence principle states that
the theory of quantum mechanics reproduces classical physics in the limit of large
quantum numbers. It is therefore possible to use the classical electric dipole oscillator,
one of the simplest sources for electromagnetic radiation, to calculate the transition
probability. The result, for a hydrogen α line and for the limit at large n, is given by
An+1,n =
128π6me10
3h6c3
1
n5
=
5.36 × 109
n5
s−1. (2.26)
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The Saha-Boltzmann equation gives the number of atoms with electrons in the
principal quantum state n as follows
Nn = n2
(
h2
2πmkTe
)3/2
e
Xn
kTe NiNe (2.27)
where
Xn = hν0 − χn =
hν0
n2
. (2.28)
Finally, a Gaussian line profile, of width ∆ν, is assumed for ϕ(ν). Noting that in the
radio range exp(Xn/kTe)  1 and 1 − exp(−hνn+1,n/kTe)  hνn+1,n/kTe, using equations
(2.23) and (2.3) results in the following expression for the optical depth in the centre
of the line
τL = 1.92 × 103T−5/2e (∆ν)−1(EM) (2.29)
for an α transition. Te is in K, ∆ν in KHz and EM, as defined in (2.14), is in pc cm−6.
Therefore, if τL ≪ 1, the peak line brightness temperature is obtained by substitut-
ing equation (2.29) into equation (2.8) which becomes
TL = 1.92 × 103T−3/2e (∆ν)−1(EM) (2.30)
(Rohlfs & Wilson 2000).
2.2.2 RRL intensity when LTE conditions do not apply
The term LTE describes a situation in which the energy exchange between the radiative
and kinetic energy domains of the gas is so efficient that a single parameter, tempera-
ture, describes exactly the characteristics of both domains. The departure coefficients
were introduced by Goldberg (1968) after noting that the excitation temperature Tex
that describes the relative population of the bound quantum levels was not the same as
the temperature of the ionised gas in the nebula Te. The correct form of the Boltzmann
distribution in equation (2.20) is the result of
e−hν/kTex =
bn
bn−1
e−hν/kTe . (2.31)
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Figure 2.2: The population factor bn and the slope function d ln bbdEn , for a ∆n = 1 tran-
sition, plotted against the quantum number n for hydrogen gas with different electron
densities Ne at the fixed electron temperature of 104 K (Sejnowski & Hjellming 1969).
The full and dotted lines represent the exact and the approximate solutions for the
collisional-transition probabilities, respectively.
Equation 2.23 can be written as
κν = κ
∗
νbnβ (2.32)
where
β =
(
1 − kTehν
d ln bn
dn
)
(2.33)
is the departure coefficient β for a ∆n = 1 transition (Brocklehurst & Seaton 1972) and
κ∗ν is the absorption coefficient for LTE.
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The departure coefficients bn and βn have been calculated for a broad range of den-
sities and temperatures, as found in Hii regions and also in the cold partially ionised
gas, by many authors (Seaton 1964; Sejnowski & Hjellming 1969; Brocklehurst &
Salem 1977; Salem & Brocklehurst 1979; Walmsley 1990; Storey & Hummer 1995).
Fig. 2.2 illustrates the behaviour of bn and βn as a function of principal quantum
number for various densities (Sejnowski & Hjellming 1969). bn represents a weaken-
ing factor due to the depletion of the level population available for absorption and β
describes the enhancement of the stimulated emission because of the enhanced pop-
ulation gradient across the principal quantum levels. Fig. 2.2 shows that in a dense
medium, where collision rates dominate the level populations, the departure coeffi-
cients will be close to unity. On the other hand, in a tenuous medium, the radiative
processes dominate, thus Te no longer accurately characterises the relative populations
of the bound levels and the departure coefficients are below 1.
The departure coefficient bn can only have values between 0 and 1, but β can differ
from 1 and even become negative. This means the absorption coefficient is negative,
thus maser amplification occurs. From equation (2.19), the emission coefficient can be
written in non-LTE as jν = j∗νbn, since Nn = bnN∗n . And, according to Kirchhoff’s law,
j∗ν = κ∗νBν(Te). Therefore, the emission coefficient becomes
jν = κ∗νbnBν(Te). (2.34)
The intensity at some frequency within the RRL is the sum of that in the underlying
continuum (IC) and that from the line (IL) and can be written as I = IL + IC = S (1 −
e−τC−τL). The source function S is given by S = ηBν(Te), with
η =
κC + κ
∗
Lbn
κC + κ
∗
Lbnβ
(2.35)
using the line absorption and emission coefficients from equations (2.32) and (2.34).
For an isothermal and homogeneous slab of material this can be written in terms of the
brightness temperature as follows,
TL + TC = ηTe(1 − e−τC−τL) (2.36)
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and the ratio TL/TC is found to be
TL
TC
= η
τL(1 − τL/2 − τC/2)
τC(1 − τC/2) − 1 (2.37)
expanding the exponential and retaining the quadratic terms in τC and τL. Noting that
under LTE conditions bn = 1, β = 1, thus η = 1, the influence of non-LTE effects on
the line intensity can be written as
TL
T ∗L
= b
(
1 − 1
2
τCβ
)
. (2.38)
The first term of the last expression accounts for non-LTE line formation effects, while
the second term describes non-LTE transfer effects, that is, maser amplification in the
line intensity.
2.2.3 Line-to-continuum ratio
Equations (2.30) and (2.15) can be used to obtain the line-to-continuum ratio under the
following conditions: the Hii region is homogeneous and isothermal; the medium is
optically thin |τL + τC| ≪ 1; the lines can be treated as formed and transferred in LTE.
This results in
TL
TC
∆V =
6.985 × 103
a(Te, ν) ν
1.1
GHzT
−1.15
e
1
1 + 0.08 (2.39)
where ∆V is the line width in km s−1 and Te in K. The factors a and (1 + 0.08) are
defined in equations (2.12) and (2.15), respectively. It follows that, under these special
conditions, TL/TC ∝ ν1.1. From the line temperature equation (2.30), TL ∝ ν−1, so the
amplitude of the RRL decreases with frequency. Therefore, extended diffuse objects
should be observed at low frequencies in order to maximise TL. However, it must be
at a frequency above the turnover frequency, the frequency at which τC = 1, otherwise
the source becomes optically thick and no line is detected. This last condition comes
from the fact that if τC ≫ 1, optically thick thermal radiation approaches black body
radiation where no lines are emitted. On the other hand, to observe compact Hii regions
that are optically thick even at a few GHz and are unresolved by the telescope, the
highest possible frequency maximises TL leaving TL/TC unchanged.
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At frequencies near 1 GHz, and for a typical RRL width of 25 km s−1 and electron
temperature of 104 K, the line temperature is approximately 1 per cent of the under-
lying free-free continuum. For a nominal brightness temperature of 5 − 10 K for the
thermal ridge on the Galactic plane at this frequency, the peak RRL temperature will be
50 − 100 mK and correspondingly less if the emission is spread over a larger velocity
range due to Galactic differential rotation, for example.
The above equation for the line-to-continuum ratio shows that if the RRL tempera-
ture and width are measured, then the corresponding continuum brightness temperature
can be determined. Equation (2.39) can be written in the form
TC = 4.289 × 10−5a(Te, ν)T 1.15e ν−2.1GHz(1 + 0.08)
∫
TLdν (2.40)
to give the free-free brightness temperature at a given frequency, using an appropriate
value for the electron temperature.
If, on the other hand, the continuum emission TC coming from a source is known,
equation (2.39) can be used to calculate the electron temperature. If the source is
optically thin, homogeneous and isothermal and under LTE conditions
T ∗e =
[
6.985 × 103
a(T, ν) ν
1.1
GHz
1
1 + 0.08
(∆v)−1
(
TC
TL
)]1/1.15
. (2.41)
Non-LTE effects are accounted for using equation (2.38), resulting in
Te = T ∗e
[
b
(
1 − 1
2
βτC
)]1/1.15
. (2.42)
2.3 The profile of radio recombination lines
In the Section (2.2.1) a Gaussian was adopted to describe the line shape. This is be-
cause the basic line profile for a homogeneous clump of gas is given by the Doppler
broadening caused by thermal motions, which is Gaussian. The lines have an intrinsic
width due to the finite length of the emitted wave train and the variation of its ampli-
tude over the emission time, but this is found to be very small, order of 10−4 km s−1,
compared to other types of broadening as described below.
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2.3.1 Doppler broadening
Doppler broadening is caused by the thermal motions in the gas which is described
by the Maxwell-Boltzmann velocity distribution. This gives the number of atoms with
velocity components between Vx and Vx + dVx along the line of sight, as
N(Vx)dVx = N
√
M
2πkT e
−MV2x /2kT dVx (2.43)
where N is the total number of atoms contributing photons to the line and M is the mass
of the atoms of that species. Using the classical Doppler formula, ν = ν0(1−Vx/c), and
assuming that the total intensity I of the line is proportional to the number of emitters
N, the Doppler-broadened line profile is then
ϕ(ν) = 2
∆ν
√
ln(2)
π
e−4 ln(2)(ν−ν0)
2/∆ν2 (2.44)
where ν0 is the rest frequency of the line and ∆ν the Doppler Full-Width at Half Maxi-
mum (FWHM) in Hz. ∆ν is obtained by equating the exponential arguments of equa-
tions (2.43) and (2.44), resulting in
∆ν =
(
4 ln(2) 2kT
Mc2
)1/2
ν0 (2.45)
where the mass M is in units of amu and T is in K (Gordon & Sorochenko 2009).
For a typical Hii region of temperature 8000 K, equation (2.45) gives a line width of
19 km s−1, which is a constant in units of velocity because ∆V = (c/ν)∆ν.
2.3.2 Turbulence broadening
Turbulence broadening is caused by cells of gas moving and colliding with each other,
within the radio telescope beam. The velocity distribution of these packets of gas is
also Gaussian, so the observed width of the RRL is the convolution of two Gaussian
profiles and is given by
∆V =
[
4 ln(2)
(
2kT
M
+ V2t
)]1/2
(2.46)
where Vt, in km s−1, is also called microturbulence velocity (Gordon & Sorochenko
2009).
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2.3.3 Stark broadening
The most important mechanism for broadening RRLs is the Stark effect, also known
as pressure broadening, because of its strong dependence on the electron density. The
electrons in the high level orbits of atoms collide with ions and other electrons which
makes the energy levels become smeared and less discrete.
The first observations of RRLs did not show the broadening expected from the the-
ory (Hoglund & Mezger 1965; Lilley et al. 1966a; Griem 1967) and even after new the-
oretical considerations the agreement with experiments only arose when it was shown
that density inhomogeneities within a nebula decrease the Stark effect (Brocklehurst &
Seaton 1972; Lockman & Brown 1975).
Stark broadening redistributes the energy in the line over a larger frequency inter-
val, resulting in a Voigt profile, which is the combination of Gaussian and Lorentzian
profiles. Therefore, the Stark broadening effect in a line can be characterised by the ra-
tio between the Lorentz and Gaussian portion of the spectrum. Brocklehurst & Seaton
(1972) derive this ratio, for an α line, as
∆νI
∆ν
= 0.14
(
n
100
)7.4 ( Ne
104
) ( Te
104
)−0.1 ( M
MH
2 × 104
TD
)1.2
(2.47)
where, ∆νI and ∆ν are the widths of the Lorentzian and Gaussian profiles, respectively,
TD is the Doppler temperature (responsible for the Gaussian profile including micro-
turbulence) and M is the mass of the species. Equation (2.47) shows the importance
of Stark broadening with principal quantum number, or frequency. For Te = 104 K,
TD = 2×104 K and Ne = 104 cm −3, the previous result gives ∆νI/∆ν = 0.14 if n = 100
and ∆νI/∆ν = 20 if n = 150. So, for a given density Ne there is a maximum quan-
tum number nmax for which an RRL is detectable, which means that for a high density
cloud, lines with n > nmax will be broadened. Therefore, lines of high n indicate gas of
low density, whereas high density gas can only be detected by low n lines.
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2.4 Observations of Hii Regions
2.4.1 Distribution of Hii Regions in the Galaxy
The rotational velocity of the Galaxy changes as a function of Galactocentric radius,
creating a variation of radial velocity with distance along the line of sight through
the Galactic plane. This makes it possible to locate an Hii region based upon the
radial velocity from its RRL. The measured velocity is usually expressed in the Local
Standard of Rest (LSR) frame which is based on the mean motion of stars in the vicinity
of the Sun. There is however, a distance ambiguity for sightlines within |ℓ| < 90◦. This
is because an arbitrary line of sight through the plane of the Galaxy for |ℓ| < 90◦ crosses
two points that lie at the same distance from the Galactic centre and, hence, have the
same radial velocity. These two points lie at different distances from the Sun, usually
called near and far distances. The only positions with a unique location at a given
velocity are the so called ”tangent” points, the points where the line of sight is tangent
to a Galactocentric circle. The distance ambiguity can be overcome by using additional
information such as absorption lines, elevation above the plane, etc.
Many RRL surveys have been carried out to map the distribution of Hii regions
in the Galaxy. Reifenstein et al. (1970) and Wilson et al. (1970) found 82 and 130
Hii regions in the H109α line, in the northern and southern hemisphere, respectively,
resolving the distance ambiguity for some of the sources. However, the spiral structure
of the Galaxy was not entirely mapped because most of the objects were located in
the inner Galaxy. Georgelin & Georgelin (1976) used the velocity from both surveys
along with Hα radial velocities (Georgelin 1975) to construct a spiral model of the
Galaxy. Later, Taylor & Cordes (1993) used this model and included the results from
the surveys of Hii regions by Downes et al. (1980) and Caswell & Haynes (1987). A
revised version of the 2D distribution of Hii regions in the Galaxy is given by Paladini
et al. (2004), based on the Paladini et al. (2003) catalogue compiled from several RRL
surveys, and it is shown in Fig. 2.3. The figure shows that the Hii regions are located
along the asymmetrical spiral arms.
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Perseus
Sagittarius
Scutum
Figure 2.3: Galactic spiral arms outlined in Hii regions (Paladini et al. 2004). The
Perseus, Sagittarius and Scutum arms are labelled in the map. 550 Hii regions from the
Paladini et al. (2003) catalogue are shown based on the spiral arm model by Taylor &
Cordes (1993).
The two extensive surveys by Lockman (1989) in the northern sky and Caswell &
Haynes (1987) in the south, detected 462 and 316 Hii regions, respectively, at wave-
lengths from 3 to 9 cm. Lockman (1990) used these results to derive Hii region surface
brightness density as a function of Galactocentric radius, to compare with the CO emis-
sivity expressed as an equivalent surface density of molecular hydrogen (Bronfman
et al. 1988). He found that the radial distribution of the surface density of Hii regions
is double peaked in the range 4 < R < 6 kpc, increasing from the centre to a maximum
and then decreasing toward the outer boundary of the Galaxy, as well as that it fol-
lows very closely the distribution of molecular hydrogen, which was expected as both
components are related to star-formation activity.
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2.4.2 Helium and Carbon RRLs
Figure 2.4 shows a simplified picture of the main components of an Hii region and
the possible locations of the different RRL emitting regions. A basic Hii region is the
result of the ionisation of the gas surrounding a young star. Its size, the Stro¨mgren
radius RH, depends on the ionising radiation and the density of the gas. If the ion-
ising radiation has photons with wavelengths shorter than 504Å, then a Heii region is
formed with a radius RHe, which can be smaller or larger than RH, depending primarily
upon the ionising spectrum of the central star. Photons that are incapable of ionising
hydrogen (λ > 912Å), will escape the Hii region and ionise other atomic species in the
neutral gas, such as carbon, magnesium or sulfur (creating a photodissociation region,
PDR). These regions are located outside the Hii region and can also be ionised by the
interstellar radiation field (IRF). They form an interface between the Hii region and the
surrounding molecular cloud, thus have temperatures of a few hundred degrees K. Also
illustrated in Fig. 2.4 is the H0 region, where the hydrogen is only partially ionised.
This is thought to be caused by the leakage of soft X-ray photons from the Hii region
(Pankonin et al. 1977; Krugel & Tenorio-Tagle 1978) or by the interaction of a weak
shock front with the neutral material (Hill 1977). H0 line emission was first detected
by Ball et al. (1970).
The first helium RRL detection was towards the Omega Nebula by Lilley et al.
(1966b). The velocity separation of the H and He lines was that predicted by theory
(see Table 2.1) and the integrated intensity ratio IHe/IH was found to be 0.10 ± 0.05.
Since then, He RRLs have been used to determine the abundance of ionised helium in
the Galaxy, which can in principle be used to separate the primordial helium abundance
from the interstellar enrichment due to galactic evolution. In an Hii region the ”true”
helium abundance is given by y = y0+y++y++, the sum of the relative number densities
of neutral, singly and doubly ionised helium. Churchwell et al. (1974) found for 39
Galactic Hii regions 0.06 ≤ y+ ≤ 0.10 and derive an upper limit for y++ of 0.008, thus
this contribution is usually ignored. They also suggest the true relative abundance of
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Figure 2.4: A schematic representation of an Hii region and its main components
(Roelfsema & Goss 1992). The H and He ionised regions are surrounded by a par-
tially ionised medium of hydrogen, carbon and heavier elements, that form an interface
between the Hii region and the molecular cloud.
helium in the Galaxy to be y = 0.1. Shaver et al. (1983) combined radio and optical
observations of Hii regions to derive y+ = 0.074±0.003. The difference between y and
y+, which is what RRL measurements provide, is attributed to the non-coincidence of
the He+ and H+ zones in the Hii region. Correcting for that effect, Osterbrock (1989)
found the results of Shaver et al. (1983) to be consistent with the helium abundance
of 0.1. Heiles et al. (1996a) derives, for 3 Hii regions, slightly lower values for the
ionised helium abundance as compared to previous results. This can be explained by
”geometric effects” (Mezger & Smith 1976): larger beam sizes weight the outer less
dense parts of the Hii region, where the He+ zone has disappeared. Heiles et al. (1996a)
also find an upper limit for the y+ in the diffuse ionised medium of 0.013.
Lines at roughly the expected velocity of carbon RRLs were first detected by
Palmer et al. (1967) towards the Hii regions Orion B and W3, in the 109α transition.
MARTA ALVES 63
2: RADIO CONTINUUM AND LINE EMISSION FROM HII REGIONS
Figure 2.5: The 158α spectrum of the Hii region M17 (Omega nebula), where the
hydrogen, helium and carbon lines are visible (Pankonin et al. 1977).
Even though the line intensities were greater than predicted by carbon abundance,
Goldberg & Dupree (1967) confirmed the detection as C109α lines. Additional ob-
servations suggested that the carbon lines originated in the outer layers of molecular
clouds at the boundaries of Hii regions (Balick et al. 1974; Zuckerman & Ball 1974;
Dupree 1974) (Fig. 2.4). The measured narrow line widths (4 km s−1 from NGC2024,
Ball et al. 1970) required lower gas temperature and also the radial velocities of Cnα
lines agreed well with lines from the cold ISM rather than from the Hnα. The observ-
able characteristics of a Cii region depend on a combination of: the spectral type of
the star; the relative location of the Hii region, the Cii and the observer; the distance
of the source from the observer; the abundance of the atomic carbon; the density of
the neutral cloud (Pankonin et al. 1977). The combination of all these factors makes
it difficult to predict the carbon RRL intensity or even its velocity shift relative to the
H line. A typical width for a carbon line from a Cii region which is associated with an
Hii region is ∼ 6 km s−1 (Pankonin et al. 1977) and typical values of electron temper-
ature and density in the Cii region are Te ≈ 100 K and Ne ≈ 3 to 30 cm−3 (Gordon &
Sorochenko 2009). Fig. 2.5 shows the spectrum of M17 with the H158α, He158α and
C158α lines.
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2.5 Derived physical parameters of the ionised medium
2.5.1 Electron temperature
RRLs provide the simplest and most precise method of determining the electron tem-
perature of an Hii region, by means of the line-to-continuum ratio. Early observations
of α line transitions from Hii regions, gave low Te values with an average of 5800 K
(Mezger & Henderson 1967), compared to the results from optical line measurements
which gave an average of 10000 K. Soon it was noted that the electron temperature cal-
culation is subject to complications, namely due to non-LTE conditions and the Stark
effect (see Sections 2.2.3 and 2.3.3).
From equation (2.42) it follows that, ignoring the maser effect, if the RRL is formed
under non-LTE conditions the derived electron temperature using equation (2.41) for
the LTE formalism is an underestimation of the true temperature, as found in the early
RRL measurements. However, there are frequencies where the derived temperature
using equation (2.41) is correct. Shaver (1980a) examined the ratio T ∗e /Te, where T ∗e is
the electron temperature in LTE (Section 2.2.3), as a function of frequency and emis-
sion measure EM. The calculations assumed an excitation parameter for the central
star U = 100 pc cm−2, which corresponds to an early O-star, and a typical filling factor
f of 0.1. The electron density is related to EM and f by EM = 2UN4/3e f 2/3. The results
show that there is a unique frequency at which T ∗e = Te, given by
ν ∼ 0.081EM0.36. (2.48)
The accuracy of the electron temperature calculated from RRL measurements at this
optimal frequency is claimed to be 2− 3 per cent (Shaver 1980a). The reason for T ∗e to
be very close to Te is that, in general, there is a frequency at which in an Hii region the
collision rates populating the levels become dominant over the radiative rates, where
the line amplification is just offset by the line weakening due to the underpopulation of
the quantum levels themselves, thus eliminating the effects of the departures from LTE.
Using equation (2.48), it follows that at a frequency of 1 GHz, the derived electron
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temperature is essentially equal to its LTE value, for EM ∼ 103 pc cm−6. This value
of EM is representative of classical Hii regions, which is what we expect to observe in
this survey.
The calculation of electron temperature of Hii regions using RRL observations en-
abled the detection of a gradient in Te as a function of Galactocentric radius (RG) by
Churchwell & Walmsley (1975). The Galactocentric radius of an Hii region is cal-
culated using the rotation curve Θ(RG), assuming that the object moves around the
Galactic centre in a circular orbit with radial velocity V . An object at longitude ℓ has
rotation velocity given by:
Θ = (RG/R0)(Θ0 + V/sin(ℓ)) (2.49)
where R0 and Θ0 are the Galactocentric distance and radius of the Sun, respectively
(Verschuur & Kellermann 1988). The Galactic rotation curve used in this work is from
Fich et al. (1989):
Θ = (221.6 − 0.44RG) km s−1 (2.50)
with R0 = 8.5 kpc and Θ0 = 220 km s−1, the IAU-recommended values for the Galac-
tocentric distance and rotation velocity of the Sun, respectively (Kerr & Lynden-Bell
1986).
Using a sample of 67 Hii regions Shaver et al. (1983) obtained the following rela-
tion between Te and RG
Te = (3150 ± 110) + (433 ± 40)RG (2.51)
where Te is in K, RG in kpc. Shaver et al. (1983) used the Schmidt (1965) rotation
curve with the local radius R0 = 10 kpc. The temperature gradient is shown in Fig. 2.6.
Shaver et al. (1983) suggested the gradient to be caused by a corresponding gradient of
metallic elements, as described in Section 1.2.1, based on a similar trend observed in
the normalised abundances of oxygen and nitrogen, O/H and N/H. The scatter at a fixed
distance from the Galactic centre is due to real differences in the electron temperature
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Figure 2.6: Electron temperatures of Hii regions against Galactocentric radius. The
horizontal arrows at the upper right represent N66 and 30 Doradus in the Magellanic
Cloud (Shaver et al. 1983).
of each region, in addition to measurement errors, as Hii regions differ in density and
radiation field from the exciting star.
Paladini et al. (2004) used the published data for 404 Hii regions with reliable
Galactocentric distances and found
Te = (4166 ± 124) + (314 ± 20)RG (2.52)
using equation (2.50) and R0 = 8.5 kpc. This result is in general agreement with the
result from Shaver et al., any differences may be due to the larger number of fainter
Hii regions in the Paladini et al. sample.
The above relationships can be applied to derive likely values of the electron tem-
perature for the Galactic spiral arms in the first quadrant. Table 2.2 summarises the
Te values from equations (2.51) and (2.52) for the near and far Galactocentric radii of
the Local, Sagittarius and Scutum spiral arms. These radii are derived from the spiral
pattern for Hii regions given in Paladini et al. (2004). Te ranges from 6700 K for the
Local arm to 5500 K for the Scutum arm.
The metal abundance responsible for cooling of the Hii regions and the diffuse gas
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Table 2.2: Electron temperatures from equations (2.51) and (2.52) for the mean, near
and far galactocentric radii of the line of sight intersection with the Local, Sagittarius
and Scutum arms.
Arm Rnear Rfar Rmean Te (K) Te (K)
(kpc) (kpc) (kpc) (Shaver) (Paladini)
Local 8.5 7.5 8.0 6610 6680
Sagittarius 6.5 6.0 6.25 5860 6130
Scutum 5.0 5.0 5.0 5310 5740
is expected to be the same, since both components are correlated spatially (Section
1.2.2). The main difference would be the effective temperature of the radiation field
which would be lower for the diffuse gas, arguing for a lower Te. However the dif-
fuse warm ionised medium (WIM) is found to be ∼ 2000 K warmer than traditional
Hii regions (Reynolds et al. 2001). Direct measurements of emission lines of interme-
diate latitude by Reynolds (1985) gave the first estimate of the electron temperature
for the WIM, with a mean of ∼ 8000 K. More recently, Madsen et al. (2006) using
Hα data from WHAM reinforce the general assertion that the WIM is warmer and less
ionised compared to classical Hii regions. They find temperatures between 7000 and
10000 K. This difference in electron temperature between the diffuse gas and the indi-
vidual Hii regions may require spectral processing of the stellar radiation (e.g. harden-
ing of the radiation field, Wood & Mathis 2004) and/or an additional heating beyond
photoionisation (e.g. magnetic reconnection, cosmic rays, photoelectric emission from
small grains, Reynolds et al. 1999).
2.5.2 Line Widths
The measured RRL width is usually made up of major contributions from the thermal
Doppler broadening and turbulent motions: ∆V2tot = ∆V2D + ∆V2t . A narrow RRL
is evidence that the Hii region has a lower electron temperature. Lockman (1989)
detected 11 Hii regions with ∆V ≤ 14.7 km s−1, which corresponds to Te ≤ 4600 K.
”Cool” nebulae are not very commonly detected, so Shaver (1979) suggested that along
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with low emission measures, making these sources faint in the Galactic continuum,
they must have higher metal abundances to explain the low electron temperature. A
very broad line can be either explained by broadening due to Stark effects, but also
by the contribution of emission from unrelated regions of different velocities, within
the beam. The Stark effect becomes important for high density gas observed at high n
transitions, and can be identified by the non-Gaussian shape of the line.
Lockman et al. (1996) detected 130 diffuse Galactic Hii regions, with an antenna
beam size of 9 arcmin, for which the typical line width was found to be 25 km s−1,
with most of the nebulae having 18 < ∆V < 35 km s−1. These results are similar to
those found by Lockman (1989) and Caswell & Haynes (1987) for discrete Hii regions.
The fact that the expected Doppler line width for a gas at a temperature of 8000 K is ∼
19 km s−1 (Section 2.3.1) means that turbulence, with a typical velocity Vt ∼ 16 km s−1,
is a significant broadening effect, comparable to the thermal broadening. Caswell &
Haynes (1987) derive Vt = 18.6 km s−1, with no dependence on Galactocentric radius,
in contrast to VD, which can depend on RG since it is proportional to the electron
temperature.
2.5.3 Observations of non-LTE effects at 1.4 GHz
Non-LTE effects are highly dependent on the density of the region (Section 2.2.2), as
well as the Stark effect (Section 2.3.3). Shaver (1980b) pointed out that the presence
of density variations explains not only the absence of significant observable pressure
broadening, but also the attenuation of the stimulated emission. Therefore, the RRL
observations can be treated using the LTE formalism.
Cersosimo & Magnani (1990) measured the ratio β/α for 13 Hii regions, using the
H159α and H200β RRLs, at 1.62 GHz with a telescope beam size of 2.9 arcmin. The
ratio allows the investigation of non-LTE effects with ∼ 0.28 as the expected value in
LTE. Even though observing at the optimal frequency prescribed by Shaver (1980a),
the observed ratios vary from source to source, indicating that the generalised interpre-
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tation of the non-dependence on the electron density and temperature is not adequate.
For 5 sources the measured ratio is lower than the LTE value and no pressure broad-
ening is observed, meaning that non-LTE effects are responsible for the line intensities
and no clumping of the Hii region can explain the low ratios caused by stimulated
emission. This shows how uncertain non-LTE effects are at these frequencies.
Nevertheless, the same β/α ratio study at 1.62 GHz of two diffuse ionised regions
with a 18 arcmin beam, led Cersosimo & Onello (1991) to conclude that the observed
LTE intensity ratio of the lines can arise from an inhomogeneous ionised nebula with
a low-density component. The model that explains the LTE ratios is composed of a
classical Hii region of electron density 100 cm−3 and 5 pc diameter, embedded in a
low-density (Ne < 1 cm−3) envelope 40 times bigger. This is likely to be the case of
our observations, with a beam of ∼ 15 arcmin, thus the bulk of what is observed is
close to LTE.
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3Hi Parkes All-Sky Survey Data
3.1 The Hi Parkes All-Sky Survey and the Hi Zone of
Avoidance Survey
The sensitive multibeam survey for RRL emission described in this work is a by-
product of the HIPASS survey (Staveley-Smith et al. 1996). The aim was to detect
Hi-emitting galaxies in the local Universe using a bandwidth of 64 MHz centred on
1394.5 MHz corresponding to redshifted velocities of −1280 and 12700 km s−1. Within
this velocity range there is also Galactic Hi and high-velocity cloud (HVC) emission
at near-Galactic velocities. In addition, there are three Galactic RRLs, H166α, H167α
and H168α.
HIPASS is the largest blind Hi survey1, covering 71% of the sky south of declina-
tion +25◦.5. This survey enabled the investigation of the Hi mass function of galaxies
(Kilborn et al. 1999; Zwaan et al. 2003), the discovery of new galaxies and generation
of catalogues (Meyer et al. 2004; Wong et al. 2006) as well as the discovery of a lead-
ing arm to the Magellanic stream (Putman et al. 1998). HIPASS has also provided a
new view of the Galactic HVC distribution in the southern sky (Putman et al. 2002).
Its resolution, full spatial sampling and sensitivity revealed a large population of com-
1Excluding surveys of local Hi in our Galaxy.
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pact high-velocity cloud (CHVC) and provided clues to the clouds’ origins (Putman &
Gibson 1999; Putman et al. 2002).
Of particular interest for the study of the necessarily weak RRL emission from
the Galactic plane is the ZOA survey associated with HIPASS (Staveley-Smith et al.
1998). This searched for galaxies behind the Galactic plane with a factor of 5 longer
integration time than HIPASS, therefore resulting in a more sensitive survey, with an
rms noise of 6 mJy/beam compared with 13 mJy/beam for HIPASS. The ZOA survey
covers the Galactic plane accessible from Parkes, ℓ = 196◦ − 0◦ − 52◦ and |b| < 5◦.
An analysis of the shallow survey data for the southern ZOA (ℓ = 212◦ − 36◦) led to
the detection of 110 galaxies, 67 of which were previously unknown (Henning et al.
2000). Using the northern extension data (ℓ = 36◦ − 52◦ and ℓ = 196◦ − 212◦) at the
full survey sensitivity, Donley et al. (2005) detected 77 galaxies, only 20 of which have
been previously detected in Hi.
Both HIPASS and ZOA surveys use the 21-cm multibeam receiver system installed
on the Parkes 64-m telescope. The multibeam specifications and survey parameters are
described in the following sections.
3.1.1 The multibeam receiver
The Parkes multibeam system consists of a 13 beam receiver and a digital correlator.
The circular beams are set on a hexagonal grid as shown in Fig. 3.1. The 26 receivers
(two per feed horn) are sensitive to orthogonal linear polarisations in the frequency
range 1.27−1.47 GHz. The correlator (Canaris 1993) uses a 1024-lag chip and provides
128 × 106 samples per second from an input signal within the 64 MHz bandwidth, for
all 26 receivers. For HIPASS/ZOA the frequency coverage is from 1362.5 to 1426.5
MHz centred on 1394.5 MHz in 1024 channels spaced by 62.5 KHz or 13.2 km s−1 for
the Hi line (Staveley-Smith et al. 1996).
A radio telescope beam solid angle is usually divided into main beam and side-
lobes. The quality of the antenna as a direction measuring device depends on how well
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Figure 3.1: The multibeam receiver configuration on the sky. The radii of the inner
and outer rings of beams is 29.1 and 50.8 arcmin, respectively (Barnes et al. 2001).
the power pattern is concentrated in the main beam and is given by the main beam
efficiency, or simply beam efficiency, ηB, defined as
ηB =
ΩMB
ΩA
(3.1)
where ΩMB and ΩA are the main beam solid angle and beam solid angle, respectively.
A typical parabolic reflector antenna, like the Parkes 64-m, has a main beam efficiency
of 70%, so a sidelobe contribution of 30%. It can be modified for parabolic antennas
by a choice of feed systems which provide the appropriate illumination of the dish.
For unblocked apertures the main beam efficiency improves to 90%, so the sidelobe
contribution decreases to 10%. Consequently, the observed signal may originate from
the main beam or may be picked up by the sidelobes of the antenna. The main sidelobes
are the result of reflections from the feed legs that carry the prime focus cabin and
reflections at the rim of the telescope.
Figures 3.2 and 3.3 show the computed and measured radiation pattern of beams
1 and 9 and beams 1, 2 and 8, respectively. Fig. 3.2 (b) shows the radial elongation,
or coma distortion, of beam 9, 14 dB below the peak value. This causes the efficiency
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(a)
(b)
Figure 3.2: Theoretical radiation pattern of beams (a) 1 and (b) 9. Contours are ev-
ery 3 dB and the peak values of −1.59 and −2.23 dB, respectively, are relative to a
uniformly illuminated aperture (Staveley-Smith et al. 1996).
of the outer beams to go down by ∼ 10% in relation to the central beam, shown in
Fig. 3.2 (a) (Staveley-Smith et al. 1996). Fig. 3.3 displays the antenna response
pattern within a radius of 6◦ for beams 1, 2 and 8 (Kalberla et al. 2010), where the
resulting six-fold symmetry from the three feed legs is visible. Fig. 3.3 also shows
that the coma lobe increases in strength with feed offset and that sidelobe structure
becomes more asymmetric and has a more pronounced ringing with increasing feed
offset. Furthermore, azimuthal asymmetries in the antenna pattern due to the feed
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Figure 3.3: Measured antenna patterns within a radius of 6◦ for beam 1, 2 and 8, from
top to bottom. The levels are between −20 dB (white) and −50 dB (black) (Kalberla
et al. 2010).
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Table 3.1: The HIPASS multibeam receiver specifications.
Parameter Beam 1 Beams 2 to 7 Beams 8 to 13
Average system temperature(K)a 21 21 21
FWHM beamwidth (arcmin) 14.0 14.1 14.5
FWHM ellipticity (radial) 0.00 0.03 0.06
Efficiency (Jy K−1) 1.36 1.45 1.72
Average system temperature (Jy) 29 30 36
Average Cal temperature (Jy) 1.6 1.8 2.0
Coma lobe none −17 dB −14 dB
aSystem temperature at an elevation of 55◦, where it reaches a minimum. At
extreme elevations (30◦ and 90◦) temperatures are about 2 K higher. Temperatures
measured at a frequency of 1394.5 MHz over a bandwith of 64 MHz.
offsets decrease on average with increasing distance from the main beam.
Measurements of the widths of the beams give full widths at half power of 14.0 ar-
cmin for the central beam, 14.1 arcmin for the beams in the inner ring with an ellipticity
of 0.03 and 14.5 arcmin for the beams in the outer ring with an ellipticity of 0.06. The
mean observing beamwidth is 14.4 arcmin and the typical separation of the beams pro-
jected on the sky is 30 arcmin, just over two beamwidths. Table 3.1 summarises the
receiver specifications1.
3.1.2 Scanning strategy and data acquisition
HIPASS scanning
HIPASS observations are taken by scanning the telescope in declination strips of 8◦ length.
As a result of data being acquired while the telescope is scanning, the beam is slightly
extended in the scan direction to 14′.7. The footprint of the receiver on the sky is ∼ 1◦.7,
thus each scan maps an area of 8◦ × 1◦.7. Prior to each scan, the feed is rotated by the
parallactic angle at the scan mid-point, plus another 15◦, to obtain approximately uni-
form coverage of the sky. To obtain full coverage at full sensitivity the scans are made
in sets of 5 (also known as the ’a’ through ’e’ scans) separated by 7 arcmin in right
1Available on the Multibeam website http://www.atnf.csiro.au/research/multibeam/.overview.html
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Figure 3.4: HIPASS scan pattern on the sky, for an 8◦ × 8◦ field, as described in the
text. The arrows indicate the direction of each scan and the final scan density for a
single beam is shown by the dot-dashed lines (Barnes et al. 2001).
ascension, which ensures that the sky is mapped at close to the Nyquist rate (Section
3.2.2), λ/2D = 5.7 arcmin, by each of the 13 beams. A total of 15 sets covers an 8◦×8◦
field, as shown in Fig. 3.4.
Observations of a given part of the sky were made at well-separated times so that
interference, if present, did not corrupt all data for that direction. The scan rate is 1◦ per
minute and the integration time is 450 s per beam, which results in a noise per channel
of ∼ 13 mJy/beam.
ZOA scanning
The ZOA survey was scanned in Galactic coordinates, along 8◦ strips of constant
Galactic latitude, separated by 1.4 arcmin. Similarly to HIPASS, the 25 scans within
a 35 arcmin set are know as the ’a’ through ’y’ scans. At the midpoint of each scan,
the feed is rotated by 15◦ with respect to the scan direction. Each field is scanned
425 times, corresponding to 17 sets of scans, thus the latitude coverage of the ZOA
survey is |b| < 5◦. The total integration time is 2100 s per beam for rms per channel
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Figure 3.5: The ZOA scans projected on the southern celestial sky. Each cube is
numbered with its central Galactic longitude and the red and blue lines represent the
scans. Image available at http://www.atnf.csiro.au/research/multibeam/release/.
of 6 mJy/beam. The ZOA survey resulted in 27 8◦ (ℓ) × 10◦ (b) × 1024 channel dat-
acubes, shown in Fig. 3.5, projected on the southern celestial sky. From this figure it is
evident that the HIPASS scans in declination will cross the Galactic plane, and thus the
ZOA scans at a different angle in each ZOA field. Fig. 3.6 shows one HIPASS and one
ZOA scan for the fields ZOA-040 and ZOA-304, respectively. HIPASS scans, in red,
change from being < 45◦ inclined in relation to the Galactic plane for the ZOA-040
zone, to almost perpendicular at ℓ = 340◦. The significance of this will be discussed in
Section 5.1.4.
The multibeam correlator cycle is 5 s and spectra are written for each beam and
polarisation at the end of each cycle. There are two polarisations per beam (A and B),
so a total of 26 spectra are written each cycle, each with 1024 channels. With a scan
rate of 1◦ per minute, the 8◦ scan length is ∼ 100 cycles, thus a single scan contains
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Figure 3.6: Comparison between ZOA and HIPASS scans, for two fields on the Galac-
tic plane. Each line represents the track of one individual beam in that scan and each
dot represents one integration from that beam. The change in angle between ZOA and
HIPASS scans, due to the inclination of the Galactic plane, is evident.
∼ 2600 spectra. Each scan is written as one file and files are named according to
their date and time of acquisition, as well as their position on the sky. HIPASS file
names contain the right ascension and declination of the middle of the scan, whereas
ZOA file names have the central Galactic longitude and latitude and are of the form
year−month−day time ℓcentral−bcentral number&repetition.hpf. For example the ZOA
file 2000−10−15 0757 040−021629 05p.hpf is the scan that covers 36◦ < ℓ < 44◦
centred at b = 2◦.1629.
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3.2 HIPASS data reduction
Spectra generated by the multibeam correlator are dominated by the system bandpass
spectrum, plus noise whose amplitude depends inversely on the square root of the
integration time and channel bandwidth. Other effects such as baseline ripple, non-
linearities in the receiver and amplifier system, as well as spectral ringing due to strong
Hi Galactic emission, can also contaminate the spectra.
The bandpass spectrum reflects the system temperature, which is a sum of the
sky, ground and receiver temperatures, multiplied by the product of the filters in the
receiver chain. The bandpass differs for all 26 feeds of the multibeam, since there are
26 separate pathways through independent receivers, amplifiers, down converters and
correlators, and also varies in time because of external influences such as atmospheric
conditions. Therefore, one of the main tasks of the data reduction is the bandpass
removal.
Baseline ripple may be reduced but is not eliminated by the bandpass correction. It
is caused by single or multiple reflections of radiation from strong continuum sources,
such as the Galactic plane and the Sun, spillover radiation from the ground as well
as from stray radiation off the telescope structure, including the focus cabin, its sup-
port legs and the imperfections in the dish. Standing waves develop from reflections
between the various parts of the telescope structure and manifest themselves as a si-
nusoidal ripple in the spectral baseline. Their behaviour and different contributions
will be characterised in the next chapter (Section 4.1.4). The main reflection path in
the Parkes telescope, from the receiver to the dish centre and back to the receiver, is
52 m, or twice the focal length. This corresponds a sine wave of period 5.7 MHz in
the spectrum. The Sun is the most common cause of ripple, affecting a large fraction
of day-time acquired data. The other predominant cause of non-flat baselines after
bandpass removal is spectral ringing associated with Galactic Hi emission. It is, nev-
ertheless, possible to suppress the ringing or at least reduce it by spectrally smoothing
the data. Another baseline distortion seen in the spectra is due to bandedge effects.
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Spectra taken near strong continuum sources show a gradual rise in flux towards the
lower frequency end of the band, that depends on the strength of the source. This
means that the Multibeam receiver response to strong continuum sources is a noise
spectrum whose amplitude is increased at lower frequencies.
The Multibeam data reduction software, originally designed to perform real time
data manipulation, consists of two packages: livedata and gridzilla. The first was
designed to remove the system bandpass spectrum, to calibrate the residual spectrum
and remove any remaining baseline offset, to suppress strong ringing effects, shift the
resultant spectrum from the observing topocentric frame to a fixed frame of reference
and finally, gridzilla grids the spectra into datacubes. The actual algorithms used
in this work differ from what was used to reduce HIPASS Hi data, whose detailed
explanation is given in Barnes et al. (2001). The following sections describe some
aspects of the standard HIPASS spectral processing that are relevant for the present
work.
3.2.1 Bandpass removal and data calibration
The bandpass estimation and removal for the standard HIPASS reduction, which was
designed to image discrete Hi sources, is optimised for compact sources. Due to the ac-
tive scanning of the telescope, the traditional signal/reference bandpass removal is not
possible. In this mode, a reference spectrum towards a position free of line or contin-
uum emission is acquired and removed from the target position spectrum by division.
For HIPASS spectra bandpass correction is done by dividing the target spectrum by an
estimate of the bandpass, which consists of a set of earlier and/or later spectra observed
by the same feed of the multibeam. The bandpass estimate must represent the under-
lying spectral shape as well as the spectral shape of the receivers, ground pick-up and
sky radiation and is generated channel-by-channel, for each beam and polarisation.
Data calibration is done simultaneously with bandpass removal and uses the sys-
tem temperature recorded for every spectrum written by the correlator. The system
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temperature, in Jy, indicates the total power measured by the correlator for each cycle
and is calibrated against a calibrator diode, which is constantly switched in and out of
the signal path. The calibration diode is occasionally calibrated against an extragalac-
tic radio source of known amplitude, e.g., 1934-638 (14.9 Jy at 1420 MHz) or Hydra
A (40.6 Jy at 1395 MHz).
Figure 3.7 shows the raw and the bandpass-corrected and calibrated spectra for two
different positions on the sky, from one HIPASS δ = +6◦ scan, at RA= 19h7m41.52s.
Fig. 3.7 (a) shows the system temperature (Tsys, in Jy) across the scan for the central
beam and polarisation A. The total power measured by the correlator increases from 35
to almost 60 Jy as the beam passes through the Galactic plane and through a continuum
source at ℓ = 41◦. The raw spectrum for that position, (ℓ, b) = (41◦.0,−0◦.4), is shown
in Fig. 3.7 (b). Fig. 3.7 (c), on the other hand, shows the spectrum for the first
integration of beam 1, at the beginning of the scan, where Tsys is at its minimum. Both
spectra illustrate the system’s bandpass shape and response, at each position, as well
as the strong Galactic Hi line (channel ∼ 100). Figs. 3.7 (d) and (e) are the spectra for
the same positions after bandpass correction and calibration. Residual baseline effects
are still present in the spectra. Spectrum (d) from a strong continuum source G41.1-
0.4, shows a gradual rise in flux towards higher channel numbers (lower frequencies)
as well as sinusoidal ripple and ringing, as opposed to spectrum (e), that shows a flat
baseline only contaminated by Hi ringing.
Brightness temperature conversion
The data are calibrated in Jy and presented in Jy/beam in the final datacube. Staveley-
Smith et al. (2003) established the conversion factor 0.80 K/Jy by observations of S9
(Tb = 85 K, Williams 1973), a standard line calibration region. This is the result
obtained using the Rayleigh-Jeans relation:
S = 2kTbΩ
λ2
(3.2)
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(a)
(b) (c)
(d) (e)
Figure 3.7: System temperature (a) and spectra from the δ = +6◦ HIPASS scan at
RA= 19h7m41.52s, for beam 1 and polarisation A. The rise in Tsys at δ ≈ 7◦ is caused
by the continuum source at (ℓ, b) = (41◦.0,−0◦.4). The two middle figures show the
raw spectra for integrations 65 (b) and 1 (c), or declinations 7◦.01 and 1◦.66, respec-
tively. The lower figures show the corresponding spectra after bandpass correction and
calibration.
MARTA ALVES 83
3: HI PARKES ALL-SKY SURVEY DATA
where Ω is the solid angle for a gaussian beam of FWHM 14.4 arcmin at the frequency
of the Hi line. At the frequency of the central RRL in the band, H167α, the conversion
factor for the same beam size is 0.84 K/Jy. This is the main beam scale, appropriate
for point sources and it will be further discussed in Chapter 5.
3.2.2 Spectral smoothing
Spectral ringing due to the strong Galactic Hi line is probably the easiest cause of non-
flat baselines to correct, by smoothing the spectrum. This is done prior to bandpass
correction. Spectral ringing is caused by the sidelobes in the spectral response of the
system, which spreads strong Galactic emission and strong narrow band interference
thoughout the nearby spectrum. The spectral response of a digital correlator is the
result of multiplying the autocorrelation function of the input signal by a lag window.
In the Fourier domain, the lag window of the multibeam correlator is nearly constant,
thus it can be described, to a first order, by the rectangular function
w(τ) =

1 for |τ| ≤ τm
0 otherwise
(3.3)
with a frequency response given by
W(ν) = 2τmsinc(2ντm) (3.4)
where τm is the width of the lag window. The spectral resolution of the autocorrelation
spectrometer, ∆ν, can be defined as the half-width of W(ν):
∆ν =
0.605
τm
. (3.5)
From the Nyquist’s sampling theorem, the width of the lag window is
τm =
N0
2∆B
(3.6)
where N0 is the number of lags, 1024, and∆B is the bandwidth, 64 MHz (Rohlfs &
Wilson 2000). Therefore, the spectral resolution is found to be
∆ν = 1.21
∆B
N0
(3.7)
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or 1.21 times the channel width, 13.2 km s−1, which means that the unsmoothed spectra
have a resolution of 16 km s−1.
In the presence of strong narrow lines, this spectral response causes strong ringing
that decays roughly as n−1 (or 1/2τm), where n is the number of channels away from the
narrow line. A standard procedure to suppress the ringing effect is to apply a different
filter, of the form
w(τ) =

1 + 12 cos
(
π
|τ|− f τm
τm(1− f )
)
for f τm ≤ |τ| ≤ τm
1 for |τ| < f τm
(3.8)
where 1− f is the fraction of the lag spectrum that is tapered, or the ratio of the tapered
section to the constant section. For f = 1, the rectangular window is recovered from
equation (3.8) and for f = 0 it becomes the Hanning filter
wH(τ) =

cos2
(
πτ
2τm
)
for |τ| ≤ τm
0 otherwise
(3.9)
for which the frequency response is
WH(ν) = τm
[
sinc(2ντm) + 2ντm
π[1 − (2ντm)2]sinc(2πντm)
]
. (3.10)
and the corresponding frequency resolution is
∆νH =
1
τm
= 2
∆B
N0
. (3.11)
Therefore, the frequency resolution of Hanning smoothed spectra is 26.4 km s−1 or
40% less than using the window given by equation (3.3). Nevertheless, the sidelobes
are effectively suppressed, decaying as n−3, with the first sidelobe at 2.6% of the peak,
whereas for (3.3) it is at 22% (Rohlfs & Wilson 2000).
If only a part of the lag spectrum is tapered, controlled by the parameter f , the
sidelobe level is higher but the frequency resolution is less degraded compared to the
Hanning window. HIPASS spectra are smoothed using the Tukey 25% filter, for which
1 − f = 0.25. The Tukey filter can be regarded as a convolution of a cosine lobe of
width f N0/2 with a rectangle window of width (1 − f /2)N0. The sidelobes still decay
MARTA ALVES 85
3: HI PARKES ALL-SKY SURVEY DATA
Figure 3.8: Filter functions in the lag domain. Note the minimal difference between
the Hanning and Tukey+Hanning filters.
as n−3, but the first sidelobe is at 20% of the peak. However, the spectral resolution is
only degraded by 15% compared to the rectangular window. Therefore, the resolution
of the Tukey smoothed spectra is 18 km s−1, or 1.36 times the channel spacing.
The Tukey and Hanning filter functions can be combined, multiplied in the lag do-
main, to produce Tukey+Hanning smoothed spectra. The corresponding frequency res-
olution is 2.05 times the channel spacing, thus 27 km s−1 for the HIPASS 13.2 km s−1 chan-
nel width. The combination of the two filters is dominated by the Hanning window,
therefore the resolution is not much different from ∆νH (3.11). If, on the other hand,
the Tukey filter is combined with itself, then the final spectral resolution is 20 km s−1.
Figures 3.8 and 3.9 show the different window functions in the lag domain and
how the ringing caused by the Galactic Hi line is suppressed by applying each filter.
Spectral smoothing of the data is important due to the proximity of one of the RRLs,
H166α, to the Hi line.
3.2.3 Velocity tracking and residual baseline removal
After spectral smoothing and bandpass removal, livedata performs the velocity frame
conversion. HIPASS observations are made in topocentric mode, thus the observing
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Ringing from HI
HI
Figure 3.9: Suppression of the ringing in the unsmoothed spectrum (top), caused by
Galactic Hi emission, by spectral smoothing using the Tukey (middle) and Hanning
filters (bottom).
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frequencies for each channel are fixed throughout the survey. livedata currently ap-
plies the correction by scaling the reference frequency and channel increment by the
Doppler factor and then shifting the spectra by a fraction of a channel to make the ref-
erence frequency an integral multiple of the original channel spacing. Apart from the
Barycentric frame conversion, used for extragalactic studies, livedata also converts to
the Kinematic Local Standard of Rest (LSRK) frame. This is the preferred frame for
Galactic studies, since the resulting radial velocities are in a system such that the gas
in the Solar neighbourhood is at rest. This reference frame is based upon the average
velocity of stellar spectral type A − G in the vicinity of the Sun without regard to lu-
minosity class (Delhaye 1965; Gordon 1976), in which the Solar system is moving at
20 km s−1 towards α1900 = 18 hours and δ1900 = +30◦. Therefore, the measurement
of LSR velocities from Galactic spectral lines, is a direct measurement of their radial
velocity due to Galactic rotation.
Residual baseline removal can be applied to the resulting spectra by livedata, in
the form of polynomial fitting. The ripple caused by strong continuum sources and by
the Sun as well as the flux rise towards the high velocity end of the band due to non-
linearities of the receivers in the presence of a strong source, yield curved baselines
that are not straightforward to correct. At this point, a DC level offset is removed
from the HIPASS spectra using a robust first order polynomial fit. In order to ensure
a fit that is robust to a high fraction of outlying data points such as strong Galactic
Hi emission and strong narrow band interference, instead of minimising the mean of
the squared differences between the data points and the fitted line, the median of the
squared differences is minimised. This correction is satisfactory for most of the sky,
since most parts of the spectra are away from the Galactic plane, thus free of continuum
ripple, of baseline curvature and residual bandpass effects. Furthermore, most parts of
the spectra are free of Hi line emission as well, due to the sparsity of galaxies on the
sky. Nevertheless, where present, baseline ripple degrades the spectra and must be
removed. Such a correction is only performed after the spectra are gridded and will be
discussed in Section 3.2.5.
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Figure 3.10: Diagram showing the positions of two observations A and B near a target
pixel P with two sources C and D in the field. The dashed circles show the half-power
radii of each observation (Barnes et al. 2001).
3.2.4 Gridding
At this stage, each individual spectrum for a unique position on the sky has been
bandpass-corrected and calibrated and is now ready to be placed on a regular grid.
gridzilla is responsible for reconstructing the flux at a certain pixel given a number of
single beam spectra measured at irregularly distributed positions near the target pixel.
The gridding algorithm used in the standard HIPASS reduction is optimised for
point sources, since the aim is to detect galaxies that are expected to be smaller in an-
gular size than the multibeam resolution, and is fully described in Barnes et al. (2001).
Spectra that go into a given pixel are selected based on their distance from the centre
of that pixel which is given by the smoothing radius rmax, set to 6′. The corresponding
width of the top-hat smoothing kernel function is 12′. Fig. 3.10 shows a schematic
representation of the gridding process.
A simple estimate of the flux, Fe, to be assigned to the target pixel, can be estimated
as the weighted mean of FA and FB, where FA = F′A/w(rA) and FB = F′B/w(rB) are
the reconstructed fluxes of sources C and D. The weights w(rA) and w(rB) should only
depend on the distance from the beam centre r and are given by the beam weighting
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function w(r), which can be written in the form
w(r) =

exp
[
−
(
r
σ
)2
/2
]
for r ≤ rmax
0 for r > rmax
(3.12)
assuming the telescope beam is a two-dimensional Gaussian function of width 14.4′,
corresponding to σ = 6.1′. The median estimator is preferred over the mean estimator,
for its robustness to corrupt data arising from externally generated interference or an
observing system failure. Therefore, the flux value assigned to pixel P is
Fe =
median(F′)
median(w) (3.13)
defined as median gridding. This included both polarisations, which is essentially as
having twice the information for the same position. The term median(w) in equation
(3.13) ensures that a source like D, near pixel P and thus likely to be detected by most
observations around it, is reconstructed at a modest fraction of its intrinsic flux in pixel
P. It also ensures that for a sky containing a single point source centred on pixel P,
its reconstructed flux is exactly that of the point source. For a random distribution of
observations and a smoothing radius rmax = 6′, the median of the weights is simply the
beam weighting function (3.12) evaluated at the radius which divides the smoothing
area equally in two, meaning
median(w) = w(rmax/
√
2) = 0.78. (3.14)
As a consequence, the term median(w) over-corrects the fluxes of extended sources.
For an infinitely extended source (in this case any source larger than say 60 arcmin), the
over-correction is exactly the factor 1/median(w) of equation (3.13), which is 1/0.78 =
1.28 (Barnes et al. 2001).
The resulting HIPASS datacubes from the gridding process are 8◦ RA × 8◦ δ with
4 × 4 arcmin2 pixels and extend over the full frequency range. The ZOA datacubes
are gridded in Galactic coordinates using the same paremeters. The final HIPASS
image beam can only be estimated using simulations. The average beam of width
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14.4′ is elongated in the scan direction to 14.7′ due to the telescope active scanning
and then convolved with the gridding kernel, which is a 12 arcmin top-hat function.
However, due to the non-linearity of the median estimator, the exact final beam is not
well defined. It also depends on the sky sampling, source strength and source shape.
Measurements of unresolved sources inserted into the data prior to gridding show that
the resulting resolution is ∼ 15.5′ (Meyer et al. 2004; Donley et al. 2005).
3.2.5 Continuum ripple removal
In order to correct for the remaining baseline distortion that affects spectra in HIPASS
images, an algorithm was designed to compute a template for the baseline ripple and re-
move it from each spectrum across the datacube. The scaled template method (Barnes
et al. 2001) also called luther, computes a canonical baseline, S c = ∑Mi=1 wiS i, using
continuum source spectra and then removes it from all the spectra in the datacube. The
selected S i spectra are those that have the largest positive flux at the higher velocity
end of the band, thus the canonical baseline is the weighted average of the spectra
that better represent the shape of the bandpass curvature and continuum ripple. The
weights are proportional to the increased system temperature (compared to the average
system temperature) of the ungridded spectra which were combined to compute that
part of the image. An iterative process is introduced to flag Hi signals that appear, for
a given channel, in one spectrum but not in the others, which does not apply in the
case of Galactic Hi emission. The final canonical baseline is then subtracted from all
spectra across the datacube, scaled by a coefficient which is given by the slope of a
linear regression to each spectrum S i against S c. Fig. 3.11 shows the canonical base-
line generated by luther when applied to the HIPASS datacube covering the region
36◦ < ℓ < 44◦, |b| ≤ 4◦.
This method was applied to the HIPASS and ZOA datacubes, in order to run the
automatic and iterative processes of galaxy search (Meyer et al. 2004; Wong et al.
2006; Donley et al. 2005). It is only described here to present the maps in the next
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Figure 3.11: The baseline template resulting from the luther algorithm when applied
to the HIPASS datacube that covers the region 36◦ < ℓ < 44◦, |b| ≤ 4◦.
Table 3.2: Frequency and velocity relative to the Hi line, for the three HIPASS hydro-
gen α lines.
Line ν (MHz) V ( km s−1)
H168α 1374.601 +9667.6
H167α 1399.368 +4440.2
H166α 1424.734 −913.5
Section and it will not be further used in this work.
3.3 RRL data in HIPASS
Although HIPASS and ZOA surveys were designed to detect Hi emitting galaxies in
the Local Universe, the 64 MHz bandwidth contains several hydrogen RRLs (Meyer
et al. 2004). Since the α RRL transitions, for a given quantum number, are the most
intense (equation (2.25)), only the following three RRLs are used in this study: H166α,
H167α and H168α. Table 3.2 lists their rest frequencies and velocities relative to the
Galactic Hi line, calculated using the classical Doppler formula.
The data reduction techniques described above are aimed at detecting extragalac-
tic point sources. Thus Hi emission from extended Hi sources, including the Galaxy,
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HVCs, the Magellanic Clouds and Stream, is corrupted in the standard HIPASS re-
duced data. Therefore, RRL emission in the HIPASS cubes will be restricted to in-
dividual Hii regions, since extended emission is truncated by the bandpass removal
algorithm.
Figure 3.12 shows two HIPASS spectra, towards the bright Hii regions W49 and
W47, where the three RRLs can be identified at their rest frequencies. The spectra
are from a HIPASS datacube covering the ZOA-040 zone, reduced using the standard
procedure described in the previous sections. The continuum ripple removal algorithm,
luther, has produced a flatter baseline for W47 than for the stronger Hii region W49,
where oscillations in the spectrum are still noticeable. The fact that luther uses spectra
from strong continuum sources means that the RRLs are likely to be included in the
canonical baseline. Indeed, Fig. 3.11 shows a small signal at the frequency of the
H167α line. As a result, the RRLs or a fraction of their signal, are subtracted from
the spectra across the cube as well as shifted in frequency due to the different LSR
velocities of the lines for each Hii region.
Figure 3.13 shows the H167α peak line temperature maps, covering the Galactic
plane between ℓ = 300◦ → 52◦ and |b| < 5◦, obtained using HIPASS datacubes reduced
as described in this Chapter. The maps confirm that no large structure is recovered with
the standard reduction process, only individual Hii regions and some diffuse emission
around them. Therefore, the data need to be reprocessed using different algorithms that
preserve spatially extended emission. That will be treated in the next chapter.
MARTA ALVES 93
3: HI PARKES ALL-SKY SURVEY DATA
Η168α
Η167α
Η166α
HI
Η167α
Η166α
HI
Η168α
RFI
(b)
(a)
Figure 3.12: HIPASS spectra for two Hii regions, W49 G43.2+0.0 (a) and W47 G38.0-
0.3 (b). The three RRLs can be clearly seen as narrow lines at their rest velocities and
are distinguishable from the ripple.
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Figure 3.13: H167α peak line temperature maps on a linear colour scale from −0.04 Jy/beam to 0.22 Jy/beam. The maps are
obtained from the HIPASS cubes covering the Galactic plane between ℓ = 300◦ → 52◦ and |b| < 5◦, reduced using the standard
HIPASS reduction as described in Barnes et al. (2001).
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4RRL emission in the ZOA-040 data
cube
For the initial analysis, the datacube covering the longitude range ℓ = 36◦ to 44◦ was
chosen. This includes emission from the Local, Sagittarius and Scutum spiral arms.
The intersection of the survey area with the three arms can be seen in Fig. 2.3. Clearly
the major contribution to the RRL emission will be from the Sagittarius arm which is
sampled at distances of 3 to 7 kpc. The line of sight is tangent to the Scutum arm at
∼ 6 kpc. Significant RRL emission from the inner Galaxy is expected in this longitude
range, which is also covered by other surveys such as the Effelsberg (Reich et al. 1984,
1990b) and Very Small Array (Todorovic´ et al. 2010) surveys of the Galactic plane.
An examination of RRL surveys, such as Gordon & Cato (1972), Hart & Pedlar
(1976), Lockman (1976), Heiles et al. (1996b) and Lockman et al. (1996), shows line
brightness temperatures of ∼ 50 − 100 mK in areas away from strong Hii regions.
The ZOA survey, with an rms sensitivity per beam per channel of 6 mJy, provides
the required level to map the Galactic ridge RRL emission. The challenge though, is
to achieve this sensitivity in the presence of baseline effects and interference as the
following sections will describe. Therefore, the deeper ZOA data for this region is
used in preference to HIPASS data. This corresponds to the cube ZOA-040, centred
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at (ℓ, b)=(40◦,0◦). Some of the results presented in this Chapter have been published
in the Monthly Notices of the Royal Astronomical Society (Alves et al. 2010) and are
based on the data analysis described here.
4.1 RRL Data reduction
Since the diffuse Galactic RRL emission is a narrow-band extended along the Galactic
plane, a modified version of the bandpass removal technique is required. The gridding
algorithm also needs to be adjusted for the treatment of extended emission. The ZOA
RRL data processing can be summarised as follows:
• The bandpass correction is performed using the minmed5 algorithm.
• Spectra are shifted to the LSR frame and Tukey+Hanning smoothed.
• The gridding is done using a median with no beam normalisation of the data.
• Each RRL is extracted from the spectra in the final cube and corrected for base-
lines.
• The three RRLs are stacked at each position and the final line is corrected for
any remaining baseline.
These steps are described in detail in the next sections.
4.1.1 Bandpass correction - The minmed5 method
minmed is the bandpass reduction algorithm developed to recover extended emission
from HIPASS data. While the standard reduction calculates the bandpass correction
through a median of the reference spectra taken ±2◦ from the target spectrum, filtering
out emission that extends over angular scales greater than 2◦ in the scan direction,
minmed uses the entire 8◦ scan to recover large-scale emission. For each channel, beam
and polarisation, minmedn breaks the scan into n sections, finds the median value for
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each section and uses the minimum of the median values to form the bandpass template
for the entire 8◦ scan.
minmed5 has been successfully implemented to image the Magellanic Stream (Put-
man et al. 1998) as well as HVCs in the southern sky (Putman et al. 2002). This method
greatly increases the sensitivity of the data to large-scale structure without substantial
loss of flux density, except when the emission fills the entire 8◦ scan. The possible time
variation of the bandpass makes minmed5 less stable than the standard HIPASS method
due to the difference in the value chosen for adjacent scans. However, the only effect
is small residual striation in the final cube (Putman et al. 2002, 2003).
Figure 4.1 shows the difference in channels maps of the H167α line from the ZOA-
040 datacube reduced using minmed5 and the standard median procedure. The stan-
dard method clearly filters out emission resulting in negative sidelobes, that are re-
duced using the minmed5 method. The biggest negative in the map reduced using the
standard procedure is −28.8 mJy/beam, whereas in the map reduced using minmed5 is
−13.8 mJy/beam. There are, however, still sidelobe artifacts and flux loss due to the
emission filling the entire 8◦ scan. Because the ZOA scans are taken at constant Galac-
tic latitude, this affects the Galactic plane where RRL emission is expected along the
whole longitude scan. In that case, the minimum of the medians contains real emission
and so the bandpass correction lowers the flux, or even generates negatives in the spec-
tra (see section 4.1.6). The striping along the scanning direction is also visible in the
minmed5 channel map at a 1.5σ level, thus it only affects the low flux density regions.
In terms of emission recovered per channel, Fig. 4.2 shows the spectra, H167α line,
of the Hii region W47 at (ℓ, b)=(37◦.0,−0◦.2), again reduced with the standard method
(dashed line) and with minmed5 (full line). The emission lost in the individual channels
is apparent, as well as the negative sidelobes in the spectrum reduced with the original
HIPASS bandpass method.
The minmed5 greatly improves the quality of the channel maps and the spectra,
thus it is clear that a bandpass calibration method that utilises the whole scan is better
for recovering extended emission than the standard compact method. Putman et al.
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Figure 4.1: Channel maps, VLSR ≈ 30 km s−1, of the H167α line from the ZOA-
040 datacube reduced with the minmed5 method (top) and with the standard bandpass
reduction method (bottom). Contours are shown for ±0.5, 5, 10, 15, 30, 45, 60, 75 and
90 mJy/beam and the logarithmic colour scale ranges from −1 to 80 mJy/beam.
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Figure 4.2: H167α line 12 × 12 arcmin2 average spectra of the Hii region W47, at
(ℓ, b)=(37◦.0,−0◦.2). This shows the difference between spectra reduced with the stan-
dard method (dashed line) and with minmed5 (full line).
(2002) found that the minimum of a series of medians with 5 sections was the best
compromise between recovering as much extended emission as possible and the risk
of selecting a value which does not accurately represents the bandpass.
In order to establish minmed5 as the preferred method for RRL bandpass correction,
a different number of sections were tested. Fig. 4.3 shows channels maps of the H167α
line reduced using minmedn for n = 3, 8, 10 and 15 sections. Increasing the number of
sections increases the total flux recovered in regions where the emission fills the entire
8◦ scan. This is noticeable on the Galactic plane, where more flux is recovered with
minmed15 as compared to the other number of sections, further illustrated in the spectra
of Fig. 4.4. However, increasing the number of sections also leads to an increased
variation in the correction for adjacent scans, resulting in stronger striping residuals.
The longitude stripes are visible in all the channel maps of Fig. 4.3, although maps (c)
and (d), with a similar rms of ∼ 5.2 mJy/beam, have a more pronounced striping than
the minmed5 map, of rms ∼ 3.2 mJy/beam. Furthermore, the channel maps reduced
with 15, 10 and 8 sections result in more negative flux than with 5 sections. The
minmed5 map shows slightly more striping as compared to the minmed3 map, but also
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Figure 4.3: Channel maps, VLSR ≈ 30 km s−1, of the H167α line from the ZOA-040
datacube reduced with the minmed method using 3 (a), 8 (b), 10 (c) and 15 (d) sections.
Contours and colour scale are the same as in Fig. 4.1.
more emission is recovered, specially along the Galactic plane.
As a result, minmed5 was at this stage the favoured method for the bandpass reduc-
tion in livedata.
4.1.2 Spectral smoothing
As described in Section 3.2.2, the Hanning filter is more effective in suppressing the
ringing caused by the strong Galactic Hi line than the Tukey 25% window: the price to
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Figure 4.4: The difference in the total flux per channel in the 12 × 12 arcmin2 average
spectra toward the Hii region W47, at (ℓ, b)=(37◦.0,−0◦.2), for the different number of
sections in the minmed method. minmed3 is the red line, 5 is the black line, 8 is the
green line, 10 is the blue line and finally 15 is the yellow line.
be paid is a broadening of the spectrum from a half-width of 18 km s−1 to 26.4 km s−1.
This velocity resolution is still adequate to resolve the emission from the Local (V =
0 km s−1), the Sagittarius (V = 40 km s−1) and the Scutum arms (V = 80 km s−1), that
the ℓ = 40◦ cube covers.
Figure 4.5 shows the RRLs for the Hii region W45, (ℓ, b)=(40◦.5,2◦.5), where the
effect of the different smoothing functions is visible. It shows that the peak line tem-
perature decreases with the increasing filtering, although the line integral is constant.
The H166α line is the closest to the Galactic Hi signal, 4.3 MHz or 66 channels away
from it, therefore is the most affected. Nevertheless, the ringing can be effectively
removed by applying the combined Tukey+Hanning filter, which only degrades the
velocity resolution to 27 km s−1, as compared to 26 km s−1 from the Hanning filter
alone. As a result, the three RRLs can be added without propagating the Hi ringing
that contaminates the H166α line, to the stacked spectrum.
Gaussian fits to the H168α line give widths of 28.0±0.6 km s−1, 36.2±0.9 km s−1 and
36.4 ± 0.3 km s−1 for the Tukey, Hanning and Tukey+Hanning smoothed spectra, re-
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Figure 4.5: RRLs for the Hii region W45, (ℓ, b)=(40◦.5,2◦.5), taking a 12 × 12 arcmin2
average spectra smoothed with the Tukey (top), Hanning (middle) and Tukey+Hanning
(bottom) filters. The residual ringing can be effectively removed by applying an addi-
tional process of Hanning smoothing to the Tukey smoothed spectra.
spectively. Taking into account the broadening caused by each of the filters, the results
are consistent with a line width of 24 ± 1 km s−1 for the Hii region W45.
4.1.3 Gridding
The standard HIPASS gridding process uses the median of all spectra within a 6′ ra-
dius, divided by the median of the corresponding weights (equation 3.13). Since this
overcorrects the fluxes of extended sources, the simple median is used. Therefore, the
flux value assigned to a given pixel is
Fe = median(F′) (4.1)
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where F′ are the measured fluxes within the smoothing radius is of 6 arcmin. Thus,
following the discussion of Barnes et al. (2001), the resulting flux density scale is
correct for extended sources such as the Galactic plane. The same gridding algorithm
was used by Putman et al. (2002) to recover the correct fluxes of HVCs. This process
increases the beam width from 14′.4 to 15′.5 (Section 3.2.4).
4.1.4 Standing wave mitigation
The RRL spectra suffer from the effects of standing waves produced when the contin-
uum waves from the target Hii region interfere with a fraction of the radiation which
reaches the focus along separate paths. Although this extra signal is of the order of
a few percent of the main signal, it can be comparable with the intensity of the RRL
itself, which in the case of the lines at ∼1.4 GHz is ∼1 % (Section 2.2.3). Most of
the interfering signal results from standing waves between the focus area (prime focus
cabin and supports) and the apex of the antenna, and is also produced by scattered solar
radiation. Even during the night, scattered radiation can arise from Galactic structures
adjacent to the Hii region under investigation. This is the case in the present study of
a bright section of the Galactic ridge. Similarly, radiation from the ground can find its
way into the focus area. All these sources contribute to the standing waves; they will
vary with time of day, the azimuth and elevation and the position in the celestial sky.
On the present dataset, the ripple pattern presents two distinct components: one
associated with continuum sources and the other caused by off-axis power. Figs. 4.6
and 4.7 show the variation of the standing wave pattern with latitude, at ℓ = 42◦.0 and
ℓ = 38◦.0, taking 2◦ (ℓ)× 1◦ (b) average spectra, at b = 0◦.0,±1◦.5 and ±3◦.0. The ripple
pattern on the plane, Figs. 4.6 and 4.7 (c), is associated with the total power going in the
main beam of the telescope, or on-source power and has the characteristics described
and seen before. The amplitude of the ripple is about 20 mJy/beam at ℓ = 42◦.0 and
∼ 120 mJy/beam at ℓ = 38◦.0, a much stronger region of the cube, coincident with
the extended group of Hii regions, W47. For this reason, the spectra at ℓ = 38◦.0 and
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Figure 4.6: The standing wave pattern variation with Galactic latitude and longitude,
at ℓ = 42◦.0. Figures (a) to (e) are at b = −3◦.0,−1◦.5, 0◦.0, 1◦.5, 3◦.0, respectively. Each
plot shows an average 2◦ (ℓ) × 1◦ (b) spectrum. The vertical dotted lines indicate the
rest frequency of the three RRLs.
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Figure 4.7: The standing wave pattern variation with Galactic latitude and longitude,
at ℓ = 38◦.0. Figures (a) to (e) are at b = −3◦.0,−1◦.5, 0◦.0, 1◦.5, 3◦.0, respectively. Each
plot shows an average 2◦ (ℓ) × 1◦ (b) spectrum. The vertical dotted lines indicate the
rest frequency of the three RRLs.
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|b| = 1◦.5 still have the signature of the continuum source related ripple. Out of the
Galactic plane, the spectra show the pattern seen in Figs. 4.6 (a) and (e), with 5.7 MHz
still the dominant frequency, but with different fine structure. This pattern is due to
the power picked up by the beam sidelobes, either coming from the extended Galactic
ridge or the ground. The signal near the rest frequency of the H167α RRL in Figs. 4.6
and 4.7 (a) and (e) is likely to be interference and not a real line, since it is not seen in
the other two channels. That is indeed the best way of checking if a signal is in fact
an RRL. The same standing wave pattern at b = ±3◦ is common to both longitudes,
although weaker at ℓ = 38◦.
The variation of the continuum ripple with position implies that the baseline around
each RRL also varies across the cube. Under these circumstances and given the fact
that only a fraction of the 64 MHz spectra is used, corresponding to the three RRLs, it
was chosen not to apply a baseline fit to the spectra in livedata nor to use luther, but
to perform local baseline fits around each line. This method is described below. idl1
was used to perform all the post-processing analysis of the data.
Baseline fitting
The three RRLs are extracted from the spectra at each position in the gridded datacube,
with a given number of channels either side of the line, meaning either side of its rest
frequency channel. The RRL spectra are then linearly interpolated to a final grid of 0.1
channels, so that the spectra can be shifted to within a tenth of a channel. The channels
containing the rest frequency of each line are given in Table 4.1.
The baseline is estimated and removed by fitting a polynomial to each line, exclud-
ing the velocity where the RRL gas is expected to emit in this longitude range, using
the outlier-resistant polynomial fit procedure robust poly fit2, in idl. From the inspec-
tion of Fig. 1.6 as well as the velocity information in the Lockman (1989) survey, it
can be seen that the RRL emitting gas for 36◦ < ℓ < 44◦ is confined to a velocity
1
idl Iterative Data Language
2From the idl Astronomy Library
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Table 4.1: Rest frequency channels of the three RRLs.
Line ν (MHz) Rest frequency channel Rest frequency channel
after interpolation
H168α 1374.601 196 196.0
H167α 1399.368 592 592.3
H166α 1424.734 998 998.2
range of about 0 to 100 km s−1 with a major contribution from the Sagittarius arm
(V ∼ 40 − 50 km s−1). This should be the velocity range excluded from the fit in order
to preserve the RRL information.
The other two parameters to adjust are the velocity range for the fit, i.e. the number
of channels selected either side of the line, and the degree of the polynomial. Fig. 4.8
shows the spectrum from the datacube at the position of W47 (ℓ, b)=(37◦.5,−0◦.1), or
G37.5-0.1, with a peak Ta ∼ 12 K. This slightly extended Hii region has a velocity of
∼ 53 km s−1, and thus is located in the Sagittarius arm. The Tukey+Hanning smoothed
spectrum, Fig. 4.8 (a), shows the baseline curvature and the periodic standing wave
pattern with a frequency of 5.7 MHz. This is the frequency expected for standing waves
between the focus and the apex of a 64-m antenna with f /D = 0.4. There is additional
fine structure in the pattern due to longer integration paths. This fine structure does
not repeat exactly over the 64 MHz bandwidth, as will be illustrated further in this
section. The RRL spectra extracted from the total power spectrum are shown in Figs.
4.8 (b), (c) and (d). The conversion from frequency to LSR velocity is done using the
radio convention Doppler formula, V = c(ν0 − ν)/ν0, where ν is the frequency of each
channel of the interpolated spectra and ν0 the rest frequency of each line. The choice of
channels should exclude the edge of the band for the H166α line as well as reduce the
number of channels contaminated by the Hi ringing, which would affect the baseline
fitting. The RRL spectra in Fig. 4.8 were extracted with 51 channels, so it results
in a velocity range of ∼ ±300 km s−1 either side of the RRL range (0 − 100 km s−1).
More channels give more points for the baseline estimate, but at the same time includes
more curvature which requires a higher order polynomial fit. This is illustrated in the
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Figure 4.8: Total power spectrum (a) for the Hii region G37.5-0.1, taking a 12 ×
12 arcmin2 average spectrum Tukey+Hanning smoothed. The three RRLs are in fig-
ures (a), (b) and (c). The vertical dotted lines give the velocity range expected for
RRL emission. The sinusoidal ripple caused by the continuum source is visible in the
spectrum of panel (a).
spectrum of the H168α line in Fig. 4.8 (b), where the concavity of the baseline starts
to invert at the edges of the spectrum. Similarly, for the other lines, a slightly narrower
velocity range should enable a good baseline fit.
In spite of the above arguments for an RRL range of 0 − 100 km s−1, other veloc-
ity ranges were tested. Fig. 4.9 shows the results of different polynomial fits to the
H168α line for the Hii regions W47 (G37.5-0.1) and W49 (G43.2+0.0), excluding the
velocity range −30 to 130 km s−1. W49 lies on the far side of the Local spiral arm with
a velocity of ∼ 7 km s−1, which motivates the test of an RRL range that extends to neg-
ative velocities. Fig. 4.9 indicates that a 4th order fitting gives the best results, for both
regions. However, the final spectra present negative sidelobes and non-flat baselines,
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Figure 4.9: Results from different polynomial degree baseline fits to the H168α line,
taking a 12 × 12 arcmin2 average spectra for the Hii regions W47 - G37.5-0.1 (left)
and W49 (right). The order of the polynomial increases from 1 to 4, from the top to
the bottom figures. The velocity range for the fit is [−200,300] km s−1, excluding the
range [−30,130] km s−1.
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Figure 4.10: Results from different polynomial degree baseline fits to the H168α line,
taking a 12 × 12 arcmin2 average spectra for the Hii regions W47 - G37.5-0.1 (left)
and W49 (right). The order of the polynomial increases from 1 to 4, from the top to
the bottom figures. The velocity range for the fit is [−120,220] km s−1, excluding the
range [0,100] km s−1.
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due to the broad RRL range combined with the small-scale structure present in the
spectra. These examples show that the fit should go as close to the line as possible and
that at least a 4th degree polynomial is needed. Although this can be partly fitting the
noise in some spectra, it is required due to the structure of the bandpass. This situation
will be improved in Chapter 5. Therefore, the number of channels extracted should be
sufficient to enable a robust 4th order fit and at the same time avoid too much structure
in the spectra. Fig. 4.10 shows the baseline-corrected H168α line for the same regions
as in Fig. 4.9. The polynomial fit is now performed using the data points between
[−120,0] and [100,220] km s−1. The improvement between the spectra in Figs. 4.9 and
4.10 is evident, for all the polynomial degrees in both regions. For this set of fitting
parameters, a 3rd or 4th order fit gives similar results. For the Hii region W47, the neg-
ative sidelobe at 0 km s−1 decreased from 33 to 12% of the line peak, comparing Figs.
4.9 and 4.10 (g), and resulted in a flat baseline of rms of 5 mJy/beam. For W49, the
line in Fig. 4.10 (h) developed a negative sidelobe at ∼ 60 km s−1, whereas in Fig. 4.9
(h) it was at ∼ −20 km s−1 and not as deep. Nevertheless, the 4th order fit from −120
to 0 km s−1 and 100 to 220 km s−1, results in a final baseline rms of 11 mJy/beam, as
compared to 14 mJy/beam for the previous fit.
Figures 4.9 and 4.10 illustrate the difficulty of finding a baseline fit that takes into
account the different standing wave patterns of each RRL spectra, as well as the central
velocity shift of the lines. After inspection of the spectra of individual Hii regions
in the datacube, this set of parameters, a 4th order polynomial fit between −120 and
220 km s−1 excluding the range 0 to 100 km s−1, was found to be the best method for
the baseline correction of each RRL.
A further complication in baseline correction is posed by the negatives generated
in the minmed5 bandpass removal (Section 4.1.1). These are visible in the baseline
corrected spectra and are not presented here, but in Section 4.1.6, since they are dealt
with after line stacking.
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Figure 4.11: The stacked line for the Hii region W45, taking a 12×12 arcmin2 average
spectrum. The spectrum has been Tukey+Hanning smoothed.
4.1.5 Line Stacking
After correcting each RRL for baselines, the final step is to add them. The three RRLs
should come from the same region in the sky, as a result of having the same transition
order (∆n = 1) with similar quantum numbers, the lines should have approximately the
same intensity (Section 2.2). Therefore, the three lines can be stacked - aligned and
averaged - improving the signal-to-noise ratio by a factor of
√
3 = 1.73.
The lines need to be carefully shifted before being stacking otherwise the final line
can be easily broadened and consequently give a false indication of the width of the
line. In order to do this it is necessary to identify the channel that contains the rest
frequency of each line. It is possible to do so to a tenth of a channel after the spectra
are interpolated. Fig. 4.11 shows the stacked line for the Hii region W45, after the three
Tukey+Hanning smoothed and baseline-corrected RRLs from Fig. 4.5 are added. It
illustrates the improvement in the baseline of the spectrum between the original three
spectra and the added spectrum. The different baseline variations in each of the spectra
act effectively like noise and are reduced by nearly a factor of two in the addition.
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4.1.6 Post-stacking baseline correction
The baseline correction and line stacking described so far, generally yield spectra that
are flat and have good signal-to-noise ratios. That is not the case in the presence of
negatives, thought to be caused by the incorrect bandpass correction. Figs. 4.12 and
4.13 show the spectra of each RRL plus the stacked lines, for the single pixel centred
on the plane at ℓ = 39◦.6 and ℓ = 40◦.4, respectively. These are just two examples that
help explaining the adopted method of dealing with the negatives.
In Fig. 4.12, the three RRL spectra have a negative feature at V ∼ 60 km s−1, which
means that there is extended emission along the ℓ = 0◦ scan at that velocity. This is
indeed the case, as the extended group of Hii regions W47 is located on the plane with
typical velocities of 50−60 km s−1. The bandpass correction then depresses the spectra
in that channel, creating negatives where the emission is not very strong.
If there is a real signal embedded in the negative, then it should be at roughly the
same velocity in the spectra of the three RRLs. The H166α spectrum shows a possible
line of ∼ 15 mJy/beam at V ∼ 25 km s−1. Even though the corresponding signal in the
H167α and H168α spectra are not as clear, they show an inflection at the same velocity.
The polynomial fits to each RRL, shown as dotted lines, are not appropriate to recover
this signal, hence the stacked line in Fig. 4.12 (d) (black line) is still strongly affected
by the negative. The red curve in Fig. 4.12 (d) shows the result of fitting a 4th order
polynomial from −30 to 100 km s−1, excluding the range [10,60] km s−1, to the stacked
line. The result is a line of amplitude 15 ± 1 mJy/beam, at 29 ± 1 km s−1 (obtained
from a Gaussian fit). If the stacking is done only after this second baseline fit is applied
to the original RRL, the resulting final line is that in green, as seen in Fig. 4.12 (d).
The consistency between the red and green lines indicates that the correction for the
negatives can be done before or after line stacking.
Figure 4.13 shows another region affected by bandpass-generated negatives. It is
also a good example of the advantages of line stacking. The H166α spectrum is, in this
case, slightly broadened as compared to the other two RRL spectra, which is likely due
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(a) Η168α (b) Η167α
(c) Η166α (d) Stacked line
Figure 4.12: The RRL spectra and stacked lines for the pixel centred on
(ℓ, b)=(40◦.4,0◦.0). The dotted curves are the original polynomial fitted to the spec-
tra. The red line is the result of applying the second fit to the stacked line, in black,
whereas the green line is the result of applying the second fit to each RRL and then
adding them.
to the ringing effect from the Hi line. Nevertheless, the second fit is able to recover a
signal from the stacked line, consistent with that seen in all the three individual spectra.
The reason for applying a fit that is able to recover a line at V ∼ 30 km s−1 but
that ignores possible signals at higher velocities, first comes from Galactic rotation
arguments. At this longitude, ℓ ∼ 40◦, the emitting gas is expected to have veloc-
ities between 0 and ∼ 50 km s−1, since the line of sight intersects the Local and
Sagittarius spiral arms. To confirm this hypothesis, the parameters of the final line
recovered in Fig. 4.13 (d) are compared with published results. The line integral is
463±37 mJy/beam km s−1, or 370±30 mK km s−1 (Section 3.2.1), which is consistent
with the value obtained by Lockman et al. (1996), 395 ± 76 mK km s−1, at the same
position. Their observations detected a line at 27.9 ± 1.4 km s−1, also consistent with
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(a) Η168α (b) Η167α
(c) Η166α (d) Stacked line
Figure 4.13: The RRL spectra and stacked lines for the pixel centred on
(ℓ, b)=(39◦.6,0◦.0). The labels are the same as in Fig. 4.12.
the present measurement of 31 ± 1 km s−1. The fact that the present beam is broader
than the 9 arcmin beam from their observations, is not likely to invalidate this com-
parison because the direction (ℓ, b)=(39◦.6,0◦.0) points to an extended ionised region.
Lower polynomial orders were tested, since the small number of data points used here
does not guarantee a fit as robust as that in the initial wider velocity range. However,
a 4th degree polynomial was found to perform best given the severity of the nega-
tives. It will be shown in Section 5.3.1 that line emission is detected at these two posi-
tions in the reprocessed cube, where the line integral recovered at (ℓ, b)=(39◦.6,0◦.0) is
325 ± 180 mK km s−1. This is consistent with the value of 395 ± 76 mK km s−1 found
here, whose lower error bar is likely due to an over fit of the noise.
This method was applied anywhere in the datacube where the first stacked line
integral was less than zero, as absorption is not expected at these frequencies.
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4.2 The distribution of RRL emission at ℓ = 40◦
For the purposes of mapping the diffuse electron gas, the line integral over the emission
velocity −20 to 120 km s−1 is used, in order to take account of any velocity spread
within the spiral arms. The final RRL data cube shows high significance detections
of RRL emission from individual Hii regions and from diffuse gas along the Galactic
plane. Fig. 4.14 plots the RRL emission at 6 velocities (0, 20, 40, 60, 80, 100 km s−1),
integrated over 20 km s−1. Individual Hii regions can be identified on the different
maps. At the lowest velocities, the emission is broader, since it maps the Local and
Sagittarius arms. At the highest velocities (> 60 km s−1) the emission is more confined
to the Galactic plane and is stronger at low longitudes where the Scutum arm comes
in. W49A, (ℓ, b) = (43◦.2, 0◦.0), is the most prominent Hii region of the field and is one
of the strongest Hii regions of our Galaxy. It is stronger in the first two panels of Fig.
4.14 because its LSR velocity is 7.7 km s−1, which places it on the far side of our own
spiral arm, at ∼ 11.9 kpc from the Sun. W45, (ℓ, b) = (40◦.5, 2◦.5), is also detected at
low velocities, VLSR = 23 km s−1. It is at a distance of ∼ 1.6 kpc from the Sun, thus in
the Local arm. The extended feature on the plane around ℓ = 38◦, W47, is a group of
Hii regions with LSR velocities from 50 to 90 km s−1 and is thus in the Scutum arm.
The extension to positive latitudes is due to the contribution of some Hii regions with
velocities around 40 km s−1, and therefore belong to the Sagittarius spiral arm.
Figure 4.15 shows two maps of the RRL emission integrated from −20 to 60 km s−1 and
from 60 to 120 km s−1, and also the corresponding latitude profiles averaged over
ℓ = 36◦ to 44◦. Comparing Figs. 4.15 (c) and (d), it is seen that low velocity emission
has a broader latitude distribution, with a FWHM of 1◦.5, whereas the higher velocity
emission has a FWHM of about half that value.
Figure 4.16 gives the total RRL emission integrated from −20 to 120 km s−1. This
map shows a clear detection of the diffuse ionised gas around the Galactic plane, as
well as the individual Hii regions. The rms noise away from the Galactic plane is
70 mK km s−1. The low-level striping in longitude is apparent, due to the telescope
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Figure 4.14: Maps of RRL emission centred at 0, 20, 40, 60, 80 and 100 km s−1,
integrated over 20 km s−1, at a resolution of 15.5 arcmin. Contours are given at −2,
−1, 1, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60, 70, 80 and 90 per cent of 5.29 K km s−1.
The two negative contours are dotted.
MARTA ALVES 119
4: RRL EMISSION IN THE ZOA-040 DATA CUBE
Figure 4.15: Integrated RRL emission for two velocity ranges (top) and the corre-
sponding latitude profiles (bottom). The left- and right-hand side panels correspond to
a line integral from −20 to 60 km s−1 and from 60 to 120 km s−1, respectively. The
contours are the same as in Fig. 4.14.
scanning strategy and the variation of bandpass correction between adjacent scans. The
stripes are at the 2.5 σ level, so they only affect the low flux density regions. Some
regions near the Galactic plane show sidelobe artifacts due to the emission filling the
entire scan (Section 4.1.1). The biggest negative (4 σ) is next to one of the strongest
Hii regions in the map, W49.
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Figure 4.16: Map of the total integrated RRL emission (in mK km s−1) at a resolution
of 15.5 arcmin. The integration is made between −20 and 120 km s−1. The contours
are the same as in Fig. 4.14, where the value 5.29 K km s−1 is the peak of the line
integral in this map. Note the non-linear colour scale.
4.3 The distribution of Tb in the ℓ = 40◦ region
4.3.1 Comparison with the 1.4 GHz continuum
In order to obtain a value of the brightness temperature, Tb, from the RRL line integral,
equation (2.40) is used. It is necessary to have a reliable estimate of the electron tem-
perature, since equation (2.40) depends on T 1.15e . The average electron temperature of
Hii regions, derived from RRL observations, ranges from 6700 K for the Local arm to
5500 K for the Scutum arm whereas Te for the diffuse gas is slightly higher, ∼ 8000 K
(Section 2.5.1). As follows, the adopted electron temperature for the ℓ = 40◦ region
is 7000 K, thereby 1.0 K km s−1 is equivalent to 2.8 K of brightness temperature at
1.4 GHz.
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Figure 4.17: Map of thermal brightness temperature at 1.4 GHz estimated from the
RRL line integral over the data cube. Contours are given at 0.1 and 0.5 (labelled), 1,
1.5, 2, 2.5, 3 K and then every 1 K until 19 K. The resolution of the map is 15.5 arcmin.
Note that 2.8 K (Tb) corresponds to 1.0 K km s−1, for Te = 7000 K.
Using the adopted value of Te = 7000 K I can evaluate the Tb from the RRL integral
at each pixel in the data cube. Fig. 4.17 shows a contour plot of Tb over the area of
the data cube (ℓ = 36◦ to 44◦, b = −4◦ to 4◦). In addition to the compact sources, the
diffuse emission can be seen peaking at b ∼ 0◦. Fig. 4.18 plots the total continuum
emission for this region. This map is obtained combining ZOA and HIPASS data,
using a different set of reduction parameters from the present, and it will be further
discussed in the next chapter (Section 5.4). The similarities between the two maps
show that the RRLs successfully recover both individual Hii regions and the diffuse
emission.
The extended object at (ℓ, b) = (40◦,−2◦) in Fig. 4.18, W50, appears to have no
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W45
G41.1−0.3
W49
G39.2−0.3
S74
W50
W47
RCW179
Figure 4.18: Map of the total brightness temperature at 1.4 GHz for the region ℓ =
36◦ − 44◦, |b| < 4◦, from the combination of ZOA and HIPASS surveys. The contours
are given at every 1 K from 3 to 20 K, every 2 K from 20 to 30 K and at 35, 40, 45, 50
and 55 K. The first four contours are labelled on the map. Some sources are labelled.
The resolution is 15.5 arcmin.
RRL emission associated with it, so no evidence for ionised gas. This is a SNR, thought
to be powered by the X-ray binary system SS433 which generates two relativistic jets in
opposite directions, creating the lobes that elongate the feature. W50 lies at a distance
of 6 kpc from the Sun and thus has no association with the Hii region S74, which is
seen in the RRL map at (ℓ, b) = (40◦.0,−1◦.3) (Lockman et al. 2007). S74 is comprised
of a compact source embedded in an extended region, also denominated RCW182. I
measure a velocity of VLSR = 44.7 km s−1 for S74, which places it at a distance of
∼ 3.0 kpc from the Sun, in the Sagittarius arm.
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4.3.2 Tb latitude distribution
In order to make the diffuse emission clearer, latitude cuts integrated over a longitude
range are given in Fig. 4.19. Fig. 4.19 (a) is an integral over the full longitude range
ℓ = 36◦ to 44◦ using 0◦.2 latitude bands. Fig. 4.19 (b) shows stronger Tb in the ℓ-range
36◦ to 39◦ than for ℓ = 39◦ to 44◦ (Fig. 4.19 (c)). It should be noted that the stronger
emission at ℓ = 36◦ to 39◦ includes the tangent to the Scutum arm which does not
extend to ℓ = 39◦ to 44◦. Nonetheless, the emission in Fig. 4.19 (c) appears to be low,
with the peak of the latitude distribution less than half of that in Fig. 4.19 (b). There
is also less extended emission around the plane, so the latitude distribution appears
narrow and is mainly accounted for by the few Hii regions in that longitude range.
This suggests that I might be losing some extended diffuse emission in the process,
probably due to the bandpass removal associated with the scanning strategy (Sections
4.1.1 and 4.1.6).
The longitude variation of Tb is shown in Fig. 4.19 where 4.19 (d) shows the
Galactic ridge emission integrated from b = −0◦.25 to 0◦.25 while (e) is the integral
from b = −0◦.5 to 0◦.5; in both plots the longitude step is 4 arcmin. The fall of Tb
with longitude as the line of sight passes out of the Scutum arm is visible, leaving only
emission from the Sagittarius and Local arms.
4.4 Validity of the RRL data
As a consistency test, I have compared the line integrals with those from the frequency-
switched RRL survey by Heiles et al. (1996b). For the pointings between the longi-
tudes of 39◦ and 44◦, where there might be flux loss (Section 4.3.2), I get a ratio of 0.8
with a scatter of 0.2, which shows that the data sets are consistent. The comparison is
shown in Fig. 4.20.
The LSR velocity of several lines of sight was also tested against the measurements
by Heiles et al. (1996b). Table 4.2 gives a few examples of the present velocities
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(a)
(b)
(c)
(d)
(e)
Figure 4.19: Brightness temperature estimated from the ZOA RRLs versus latitude,
averaged over three longitude ranges (left) and versus longitude, averaged over two
latitude ranges (right).
Table 4.2: Measured LSR velocities compared with published results (Heiles et al.
1996b). The uncertainties in the Heiles et al. (1996b) velocities are of the order of a
few per cent (channel spacing is 5 km s−1).
Position This work Heiles et al. (1996b)
(ℓ, b) VLSR ( km s−1) VLSR ( km s−1)
(36◦.0,−0◦.6) 60.7 ± 0.6 61.0
(36◦.6,−1◦.7) 63.3 ± 0.2 63.1
(37◦.3,1◦.0) 45.0 ± 0.4 44.6
(43◦.2,0◦.0) 7.8 ± 0.2 8.4
obtained from Gaussian fits, compared with the corresponding results from Heiles et
al. and indicates that the results are consistent.
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Figure 4.20: Comparison between the integrated intensity of the lines (in K km s−1)
from the present work with those from Heiles et al. (1996b), for the pointings in the
ℓ−range 36◦ to 44◦. The solid line gives the linear fit with a slope of 0.8 and the dotted
line is the line of slope 1.
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After the study of the ZOA data cube centred at ℓ = 40◦, the two next 8◦ × 8◦ regions
towards the Galactic centre, ℓ = 32◦and ℓ = 24◦, were analysed. Fig. 2.3 shows that
the major contribution to the RRL emission will be from the Scutum spiral arm. Other
surveys of the Galactic plane (Reich et al. 1984, 1990b) also show that the continuum
emission is much stronger at ℓ = 32◦ than in the previous ℓ = 40◦ region.
This chapter describes the improvement of the RRL reduction pipeline, which in-
cludes a new bandpass algorithm exclusively designed for the analysis of RRL spectral
line data. It also incorporates some algorithms that were initially developed for the
HIPASS continuum data analysis, which is briefly discussed at the end of this chapter
(Section 5.4).
5.1 The new RRL pipeline
The ZOA-032 cube was very useful for the development of a new bandpass correc-
tion algorithm because it contains a strong and isolated Hii region, W40 (G28.8+3.5),
where the origin of the spectral negatives could be identified. Thus, the following
sections on data reduction refer to the ℓ = 32◦ cube.
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Figure 5.1: Map of the ZOA ℓ = 32◦ cube at 1399.430 MHz (−13.4 km s−1) reduced
with the minmed10 algorithm. The strong source W40 at the right top of the map causes
the negative trough along the scan direction through the Hii region.
5.1.1 Bandpass calibration - the tsysminn method
At this stage, a refinement of the minmed method (Section 4.1.1) was available for the
bandpass correction. This is called the minmedn, or the minimum-running-median, be-
cause it calculates the median in a sliding box of n integrations along the scan. For a
typical 100 integrations scan, minmed5 breaks it into 5 fixed sections of 20 integrations
each, whereas minmed10 is a box of 10 integrations that runs along the scan, and finds
the minimum of all the medians computed. The box n = 10 provides a sufficient num-
ber of integrations to compute a reliable median without the averaging length being
too extended in regions where a large part of the scan may be occupied by extended
emission. Fig. 5.1 is a map of the ZOA-032 datacube at 1399.430 MHz, reduced
with minmed10. Besides the negatives on the plane (Section 4.1.1), it shows a negative
trough along the scan line through the isolated Hii region W40. The RRL emission of
W40 from the H167α line peaks at about 346 mJy/beam, at 0 km s−1, and the trough
varies in depth between about 30 and 70 mJy, or 9 − 20% of the peak.
The cause of the negatives are large-scale distortions of the bandpass response by
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very strong sources, such as W40. The bandpass calibration in livedata is based on
Si =
S i
B( S iTsysi )
− B(Tsysi) (5.1)
where B is the bandpass estimator for extended emission, that is, minmed or the running
median minmed. The spectrum S i is first normalised for each integration i by Tsysi ,
where
Tsysi = 〈S i〉 (5.2)
is the average of the spectrum S i taken over all channels. The negative trough is gen-
erated by the bandpass quotient S i/Tsysi which depresses the channels adjacent to the
RRLs but not the channels occupied by the lines themselves. This happens because
W40 is a strong continuum source which causes Tsys to increase by nearly a factor of
two, but the continuum does not contribute equally at all frequencies, either due to in-
strumental effects or the source’s intrinsic spectral index. Fig. 5.2 shows the bandpass
quotient S i/Tsysi for beam 1, the beam that passes right through W40 for the scan with
central latitude +3◦.3. Fig. 5.2 (a) shows the trough along the frequency range covering
the H167α line (1399.369 MHz) and Fig. 5.2 (b) shows the whole bandpass profile for
the integration coincident with W40.
The trough in frequency is then converted into a trough in the scan direction be-
cause the bandpass estimator, B(S i/Tsysi), locks onto the channels either side of the
RRL which causes the baselevel for those channels to be underestimated. As a result,
the term S i/B(S i/Tsysi) is inflated. Then, either when B(Tsysi) is subtracted in equa-
tion 5.1, or later when the post-bandpass baseline fit is performed, the whole scan line
through W40 for the channels containing the H167α RRL are pushed to negative val-
ues. One way to avoid the bandpass estimator locking onto the trough is to find and
exclude the integrations where Tsys is high. That is, the bandpass must be estimated
using the integrations where Tsys, and therefore the continuum, is lowest. This, in prin-
ciple, implies that the RRL signal in those channels is low as well. The solution is then
to find the 10, or in general n, integrations for which B(Tsys) is lowest and use those
integrations to compute B(S/Tsys). This bandpass estimator is called tsysminn. Fig.
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(a)
(b)
Figure 5.2: (a) The quotient S i/Tsysi for beam 1 and polarisation A, of the scan that
passes through W40 (near the top). The vertical axis, the scan time, is equivalent to the
Galactic longitude. (b) The whole bandpass profile for the integration at 13h36m55s.
5.3 shows channel maps of the ZOA-032 cube at two frequencies near the H167α line,
plus the final spectra towards G35.6+0.0, using the minmed10 and tsysmin10 bandpass
estimators. The tsysmin method shows a significant improvement over minmed. It
removes the negatives on the Galactic plane and along the longitude direction at W40,
and it also recovers more extended emission and renders cleaner spectra, with higher
peak values.
After bandpass calibration, a second order polynomial fit to the spectral baseline is
removed by livedata. This is to remove large scale curvature and continuum emission
from the spectra.
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Figure 5.3: Maps of the ZOA-032 datacube processed using minmed10 (left) and
tsysmin (right), at 1399.430 MHz (top) and 1398.930 MHz (middle). The intensity
range is −40 to 40 mJy/beam, as indicated in the top-left panel. Negatives are removed
using the tsysmin method and more extended emission is recovered. The two H167α
spectra, taken at (ℓ, b)=(35◦.6,0◦.0) show that the deep negative left by minmed10 is
strongly suppressed by the tsysmin estimator, shown in the right hand spectrum.
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5.1.2 RRL extraction - xrrl
Averaging the three RRLs greatly improves the signal-to-noise of the final line (Sec-
tion 4.1.5). Moreover, removing the baselines before stacking the three spectra gives
similar results to stacking and only then removing the baseline, as described in Section
4.1.6. For this reason, and due to the fact that only a portion of the 64 MHz spectrum is
used, it was decided to extract each RRL from the bandpass corrected data and either
average the three spectra before or during the gridding process.
This algorithm is called xrrl and it was included in the livedata distribution for
the exclusive treatment of HIPASS/ZOA hydrogen RRLs. xrrl reads a bandpass cali-
brated scan and generates 4 files, 1 for each RRL and one for the combined line, with
the same format as the original file but with only a fraction of the channels. The three
spectral fragments are Fourier-shifted so that the line rest frequency falls on an integral
channel number. They are stacked using a weighted mean of the three RRL spectra,
where the weights are proportional to the square root of the bandpass response mea-
sured at each line’s rest frequency, normalised to unity. The weights are set to 0.26,
0.39 and 0.35 for the H166α, H167α and H168α, respectively, and were measured
using several scans selected at random. These values correctly take into account the
Hi ringing and the bandedge effects that affect the H166α and H168α lines, respec-
tively. The error introduced by averaging the lines in frequency rather than in velocity
is small, less than 4 per cent of the channel width. The number of channels extracted
was set to 51, which is the maximum allowed, due to the proximity of the H166α line
to the edge of the band, and is equivalent to an LSR velocity range of ±335 km s−1.
Finally, the frequency axis is relabelled as appropriate for the H167α line.
As a result of the xrrl procedure, two datacubes can be generated by gridzilla: one
using the files for each individual RRL (split mode) and the other using the stacked line
files (combined mode). Examples are given in the next section.
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5.1.3 Weighted median gridding
In the analysis of the ZOA-040 datacube, a simple median gridding with no beam nor-
malisation was adopted in order to recover correct fluxes for extended sources (Section
4.1.3). At this stage, a refinement of median gridding is used, the weighted median es-
timator. For each pixel in the output datacube, gridzilla calculates a weight for each
input spectrum based on its angular distance from the pixel and its corresponding sys-
tem temperature. The beam weighting function is modelled by a Gaussian of FWHM
equal to the intrinsic beam, 14.4 arcmin. The value assigned to the pixel is that for
which the accumulated weight is half of the total weight (which is summed starting
from the lowest). The FWHM of the smoothing top-hat function and the cutoff radius
are the same as used before, 12 and 6 arcmin, respectively.
If the gridding process used the mean estimator, gridding and averaging the lines
should produce similar results to averaging and then gridding. Fig. 5.4 shows the
peak line temperature maps from the ZOA-032 datacube, obtained using the split and
combined modes. The two maps are very similar, with approximately the same rms
of ∼ 3 mJy/beam, which means that median gridding gives equivalent results when
the lines are combined before or during the imaging process. In fact, the combined
mode produces only slightly better results than the split mode, as the difference map
of Fig. 5.4 shows. The maximum line temperature in the combined mode map is
0.96 Jy/beam, compared with 0.90 Jy/beam in the split mode map. For this reason,
the combined mode was adopted, so the datacubes are produced using the averaged
spectra by xrrl.
5.1.4 DC level correction - rrlcomb
Despite the improvement of the spectra through the tsysmin bandpass estimator, the
ZOA longitude scans cannot provide a real minimum for the bandpass correction on
the Galactic plane where emission fills the whole scan. The HIPASS declination scans
cross the plane at an angle of ∼ 30◦ in the longitude range under study and there-
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Figure 5.4: Maps of the peak line temperature from the ZOA-032 datacube reduced in
the combined (left) and split (right) modes (Section 5.1.2), along with the difference
map, combined minus split (bottom). These show the similarity of the results obtained
when gridding the averaged or the individual spectra. The three maps are on the same
scale.
fore yield a real minimum for the bandpass estimation. This is confirmed by looking
at HIPASS and ZOA spectra in Figs. 5.5 (a) and (b): the ZOA spectrum has a sig-
nificant negative close to the RRL which is not seen in the HIPASS spectrum. The
negative is caused by the presence of emission at the frequency of ∼ 1399.2 MHz
(V ∼ 36 km s−1) along the ZOA scan, which results in a lower peak temperature for
the line, compared with that from the HIPASS spectrum. Fig. 5.6 shows the peak line
intensity maps from the ZOA and HIPASS 032 datacubes. The lower integration time
of the HIPASS survey is reflected in the rms noise of its spectrum, 27 mJy/beam com-
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(a) (b)
Figure 5.5: Spectra taken at (ℓ, b)=(33◦.1,−0◦.1) from the ZOA-032 (a) and HIPASS-
032 (b) datacubes. Both data sets were reduced as described in Sections 5.1.1, 5.1.2
and 5.1.3.
Figure 5.6: Peak line intensity maps from the ZOA-032 (left) and HIPASS-032 (right)
datacubes. The intensity scale is the same as in Fig. 5.4.
pared with 6.8 mJy/beam for the ZOA spectrum and in the striations seen in the map
along the scanning direction. The rms noise measured away from the Galactic plane
in the HIPASS map is 6 mJy/beam, twice the value of the ZOA map. Nevertheless, the
HIPASS map recovers more extended emission on the Galactic plane, which is also
stronger. A simple averaging of the two datasets would still be affected by the loss of
flux from the ZOA survey.
The rms of a spectrum is henceforth defined as the standard deviation estimated
from a reference region either side of the line, excluding the datapoints between −20
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Figure 5.7: (Top) Map of the 032 DC level cube at 1399.118 MHz (53.6 km s−1). The
intensity range is from −10 to 20 mJy/beam. (Bottom) The ZOA latitude profiles at
ℓ = 32◦.0 and V = 53.6 km s−1, before (left) and after (right) the DC level is added.
and 160 km s−1; the rms of a map is the standard deviation measured in regions away
from the Galactic plane, typically at |b| = 3◦ − 4◦.
In order to determine the offset of the ZOA survey, the ZOA datacube is subtracted
from the HIPASS datacube. The difference cube shows horizontal features, expected
due to the different zero levels of the ZOA scans in longitude. The DC level offset
added back to the ZOA cube is the median of the difference cube at each Galactic lat-
itude and spectral plane. Fig. 5.7 shows a cut through the ℓ = 32◦ DC level cube at
1399.118 MHz (53.6 km s−1). The map shows that, at this velocity, the offset between
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(b)
Figure 5.8: ZOA+HIPASS combined spectrum at (ℓ, b)=(33◦.1,−0◦.1), obtained using
equation (5.3).
the ZOA and HIPASS RRL emission is larger at negative latitudes. This is visible com-
paring the latitude profiles in Fig. 5.7, which show the latitude cuts, at ℓ = 32◦.0 and
V = 53.6 km s−1, of the ZOA cube before and after DC level correction. The baselevel
of the RRL emission at b < 0◦ becomes positive after an offset of ∼ 10 mJy/beam is
added. The level of emission on the Galactic ridge is also improved, where it increases
by nearly a factor of 4 at b = −0◦.4 and the negative at b = +0◦.5 is strongly suppressed.
The emission at b = +1◦.5 in the initial ZOA cube is mainly unchanged by the offset
addition, which means that it is detected at a similar level in the HIPASS cube.
The combination of ZOA and HIPASS data
The next step is to combine the ZOA DC level-corrected cube with the HIPASS cube,
which is done as follows:
COMB =
(5 × (ZOA + DC) + HIPAS S
6
)
. (5.3)
This takes into account the fact that the scan density of the ZOA survey is 5 times
that of the HIPASS survey. The combined spectrum at (ℓ, b)=(33◦.1,−0◦.1) is shown
in Fig. 5.8. The peak flux of the line increases by ∼ 20% compared with the ZOA
spectrum of Fig. 5.5 (a) and the negative is greatly reduced. However the rms of
the spectrum is degraded from 6.8 to 15.0 mJy/beam and acquires the slope from the
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HIPASS spectrum baseline of Fig. 5.5 (b). These effects arise in the the DC level
correction where, besides contributing to the signals, the HIPASS data adds noise into
the ZOA data. This is more significant for the weak spectra away from the plane, where
the baseline curvature of the HIPASS spectra combined with the low integration time
create the artifacts seen in the peak line temperature map of Fig. 5.6 (b).
In order to avoid noise contamination of the ZOA spectra, it was decided only to
apply the DC level correction in pixels and channels where the DC spectrum differs sig-
nificantly from the noise. This threshold operation on the DC level spectra is performed
after they are Hanning smoothed and baseline fitted, using a 4th order polynomial. For
a given pixel and channel, values below the lower threshold, set to 5 mJy/beam, are
not applied, whereas those at or above the upper threshold, 15 mJy/beam, are applied.
Values in between are applied only if adjacent to a value above the upper threshold.
As a result, the DC correction is mainly added to the ZOA spectra for |b| . 1◦ and
between the frequencies of 1398.8 and 1399.2 MHz (V ∼ 10 − 120 km s−1), so in the
velocity range where the RRL gas is expected to emit.
To further improve the spectra, reducing any remaining spectral negatives and base-
line curvature, additional smoothing and baseline fit were applied. The extra smoothing
is done with the Tukey filter instead of the Hanning filter, preferred in the initial analy-
sis of the ℓ = 40◦ cube (Section 4.1.2). This gives a final resolution of 20 km s−1 (Sec-
tion 3.2.2). The fit is performed by a function within the livedata distribution, a robust
and iterative polynomial baseline fitter. A 4th degree polynomial fit was found to pro-
duce more stable baselines as compared to lower order fits. The spectral baseline fit
over 3.2 MHz, 51 channels, effectively removes the effect of baseline ripple of period
5.7 MHz (Section 3.2). The DC level correction process described above, including the
spectral smoothing and baseline fit of the spectra are performed by a new algorithm,
rrlcomb, also included in the livedata distribution.
Figure 5.9 shows the spectrum of the final combined cube towards (ℓ, b)=(33◦.1,−0◦.1).
The negative at 1399.2 MHz in the initial ZOA spectrum of Fig. 5.5 (a) is now at the
noise level. The rms of the spectrum is 4.4 mJy/beam. The corresponding peak line
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Figure 5.9: The spectrum of the final rrlcomb cube at (ℓ, b)=(33◦.1,−0◦.1) (left) and
the corresponding peak line intensity map (right). The intensity scale is the same as in
Fig. 5.6.
intensity map, in Fig. 5.9, shows that more extended emission is recovered on the
Galactic plane and that individual sources have higher peak line temperatures. The
emission generated by noise and baseline curvature detected away from the plane in
the HIPASS map of Fig. 5.6 (b), especially at negative latitudes, has indeed not been
propagated into the combined map. The map maximum and minimum line intensities
are 948 mJy/beam and −1.8 mJy/beam and the rms away from the Galactic plane is
2.0 mJy/beam.
The previous examples show the improvement of the spectra on the Galactic plane,
where the signals are strong and where the DC level is applied. Fig. 5.10 shows how
spectra away from the plane change with rrlcomb. Here the DC level is not applied
and the final spectra are the weighted mean of ZOA and HIPASS data, Tukey+Tukey
smoothed and baseline corrected. The signal at V ∼ 50 km s−1 in Fig. 5.10 (a) is lost
in the noise and curvature of the baseline in the original ZOA spectrum with an rms
of 11.7 mJy/beam. After the rrlcomb procedure the rms of the spectrum is down by a
factor of 2.3, to 5.0 mJy/beam. Fig. 5.10 (b) shows that the RRL signal of amplitude
∼ 10 mJy/beam is now at a 2σ level. Figs. 5.10 (c) and (d) show a similar improvement
in the spectral baseline of these weak signals out of the Galactic plane. The rms of the
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(a) (b)
(c) (d)
Figure 5.10: Comparison between spectra from the original ZOA (left) and the final
rrlcomb (right) 032 cubes for two regions out of the Galactic plane. Spectra in the top
and bottom panels are taken at (ℓ, b)=(28◦.6,−2◦.1) and (ℓ, b)=(29◦.4,+2◦.4), respec-
tively.
spectrum is also decreased by a factor of two, from 6.0 to 2.9 mJy/beam. A value of
∼ 3.5 mJy/beam is found to be the typical rms of rrlcomb-032 spectra at high Galactic
latitudes. Still, Figs. 5.10 (b) and (d) also demonstrate that further improvement on the
baselines around these weak signals can be achieved if another low-order and localised
polynomial fit is applied. This process is described in the next section.
5.1.5 Post-processing baseline removal
In order to leave the spectra from the Galactic plane and other strong Hii regions un-
changed, a mask is computed based on the signal-to-noise ratio of the line. The rms
noise is calculated for each spectrum, which is kept unaltered if its signal-to-noise ratio
is above a certain value. This value is set to 4.5 after careful visual inspection of the
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Figure 5.11: The mask created by the signal-to-noise ratio condition, showing in black
where the spectra from the rrlcomb-032 cube are left unchanged (left) and the spec-
trum for the Hii region W43 (right).
spectra, so as to mask only those that have flat baselines. An example of a masked
spectrum is shown in Fig. 5.11 for the Hii region W43 at (ℓ, b)=(30◦.8, 0◦.0). The verti-
cal lines depict the velocity range used to calculate the line integral, −20 to 150 km s−1.
This range includes RRL emission from local Hii regions, such as W40 at 0 km s−1, to
the highest velocity emitting gas in the ℓ = 32◦ region, at ∼ 100 km s−1 (Paladini et al.
2003). Even in the case of RRLs at the high velocity end, this integral range excludes
the helium and carbon lines (Section 2), as seen in the spectrum of the Hii region W43.
The map in Fig. 5.11 is the mask created by the signal-to-noise ratio threshold. This
essentially traces the strong individual Hii regions.
For the regions that have a line signal-to-noise ratio below the threshold value of
4.5, a second order polynomial fit is applied with two sets of parameters that divide
the 130 km s−1 range into two sections. If the spectra corrected with the first fit yield
negative line integrals, this means that the line is likely to be in the other velocity
range, thus the second fit is applied. Because in the ℓ = 32◦ region the bulk of the
RRL emission originates in the Scutum spiral arm, the first fit recovers high velocity
RRL emission by excluding the velocity range 60 to 120 km s−1 and the second fit
excludes the RRL range of 0 to 70 km s−1. In both cases, a second order polynomial
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(a) G30.7−1.3 (b) G35.2−1.9
Figure 5.12: The two polynomial fits applied to the spectra of the ℓ = 32◦ cube, if the
signal-to-noise ratio is below the defined threshold of 4.5. The outer and inner vertical
dotted lines depict the fit and RRL velocity ranges, respectively. The dashed lines are
the velocity limits for the line integral calculation.
fit is performed with a ±100 km s−1 baseline either side of the RRL range. This set
of parameters was chosen after careful inspection of the spectra across the cube, when
fitted with different polynomial degrees in various combinations of velocity ranges.
Fig. 5.12 (a) shows the spectrum centred on (ℓ, b)=(30◦.7,−1◦.3), for which the first set
of baseline fitting parameters are adequate to recover the ∼ 20 mJy/beam line at V ∼
90 km s−1. In the case of the lower RRL velocity, V ∼ 40 km s−1, in the spectrum of
Fig. 5.12 (b), the second fit is applied. This process effectively removes fine structure
in the baseline ripple.
The new RRL pipeline described in this chapter was used to produce the cubes
040, 032 and 024. The difference in the reduction of each data cube is on the velocity
parameters of the post-processing baseline fit, which were chosen accordingly to the
RRL emission velocity at each longitude range. These are presented in Table 5.1.
As a summary of the previous sections, Fig. 5.13 shows a diagram representation
of the RRL data reduction process.
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Figure 5.13: Schematic representation of the RRL pipeline described above, from the
raw spectra to the final RRL spectral cube.
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Table 5.1: The velocity ranges (in km s−1) used in the post-processing baseline re-
moval and line integral, described in this section. Column 2 is the velocity range over
which spectra with signal-to-noise ratio above 4.5 are integrated; columns 3 and 6
(RRL) give the velocity range excluded from the fit, which is performed in the velocity
range given in columns 4 and 7 (Fit); columns 5 and 8 give the range over which the
line is integrated.
No fit First fit Second fit
Cube Integral RRL Fit Integral RRL Fit Integral
ℓ = 40◦ −20, 120 10, 100 −50, 160 −10, 120 50, 110 −50, 210 40, 120
ℓ = 32◦ −20, 150 60, 120 40, 140 −10, 120 0, 70 −50, 210 −20, 90
ℓ = 24◦ 0, 150 70, 120 −60, 250 70, 120 10, 70 −90, 170 10, 70
5.2 Properties of the final datacubes
Following the different data reduction process presented in this chapter to that used in
the previous analysis of the ZOA-040 data cube (Chapter 4), the image properties have
changed and significantly improved.
5.2.1 Spectral noise and resolution
The spectral resolution is now 20 km s−1, instead of 27 km s−1, after additional Tukey
25% smoothing is applied to the data, in place of Hanning smoothing. The typical
noise level in each channel is 3.5 mJy/beam, or 3.0 mK, which is consistent with the
theoretical noise of the ZOA survey (Section 3.1.2). The rms of spectra for strong
Hii regions is ∼ 4 − 5 mJy/beam, caused by the rise of the continuum emission which
produces the baseline ripple.
5.2.2 Spatial resolution
The final spatial resolution, is altered by the different gridding algorithm used and it can
be estimated via simulations, which inject false Gaussian sources into the data prior to
imaging. The simulations show that for the weighted median gridding algorithm, the
broadening of the intrinsic 14.4 arcmin beam is negligible. However the real beams
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Table 5.2: The RRL map final beam width. The estimation is made using two sources
for which the sizes are obtained from the 2.7 GHz Effelsberg map at 4.3 arcmin reso-
lution (Reich et al. 1990a). The errors are from the fitting procedure jmfit.
RRL map
Source Size Observed Size Beamwidth
(arcmin) (arcmin) (arcmin)
W40 (6′.0 ± 0′.3) × (5′.7 ± 0′.3) (16′.2 ± 0′.4) × (14′.9 ± 0′.4) (15′.0 ± 0′.4) × (13′.8 ± 0′.4)
W49 (2′.9 ± 0′.2) × (1′.8 ± 0′.2) (15′.8 ± 0′.4) × (14′.9 ± 0′.4) (15′.5 ± 0′.4) × (14′.7 ± 0′.4)
of the telescope can only be accounted for by measuring the sizes of compact sources
in the final maps. Ideally, a number of sources should be used but the only isolated
Hii region in the area of the sky under study is W40 (G28.8+3.5). W49 (G43.2+0.0),
which is even smaller than W40, can be also used; even though it is on the Galactic
plane, this Hii region is very bright and relatively isolated. The task jmfit within aips is
used to fit a Gaussian profile to both sources in the total integrated RRL map and deter-
mine the observed sizes. In order to get the beam widths, these are deconvolved with
the effective size of the objects, as seen at the higher frequency and higher resolution
survey by Reich et al. (1990a). The results, shown in Table 5.2, are consistent within
the errors. The average beam size is 14′.8 with an error of 0′.6, which is consistent with
the intrinsic resolution of 14.4 arcmin and with the simulations. This result shows that
the similar widths of the 13 beams (Section 3.1.1) are averaged on the sky to give a
final resolution of 14.8 ± 0.6 arcmin.
5.2.3 Data calibration
The spectra, in units of Jy/beam, are calibrated using extragalactic point sources and
then converted into units of brightness temperature using equation (3.2). Ω, in equation
(3.2), is set to the main beam of 14.8 arcmin, so that the spectra are calibrated in the
point source scale. However, due to the fact that no beam normalisation is applied
when the data are gridded, the flux for point sources is lowered in the final cubes. This
is controlled by the cut-off radius, since the final value for a given pixel is the median
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Table 5.3: Correction factors to be applied to the flux measurements made on the
images gridded using a 6 arcmin cut-off radius.
FWHM (arcmin) 0 5 10 15 30 60 120
Scale factor 1.20 1.17 1.12 1.09 1.03 1.01 1.01
Table 5.4: Correction factors to be applied to the flux measurements of point sources
made on the images gridded using different cut-off radii.
Cut-off radius (arcmin) 6 5 4 3 2 1
Scale factor 1.20 1.12 1.07 1.05 1.03 1.02
of all the data that are within a certain distance from it. Simulations show that for a
cut-off radius of 6 arcmin, the peak fluxes of point sources are underestimated by 20%.
This is due to the fact that for point sources the data away from the peak are at a lower
value, therefore the average is lowered. For extended sources, the effect is less because
the data away from the peak are not much lower. Table 5.3 shows the corrections to be
applied when gridding with a 6 arcmin radius, as a function of the source size.
Regridding a map with a progressively smaller cut-off radius, should render higher
peak fluxes for point sources, since less averaging is performed in the gridding process.
Fitting a Gaussian profile to the 032 map at the velocity channel that corresponds to
the RRL peak of W40, at 0 km s−1, shows that the peak flux of this compact source
increases 17% with decreasing cut-off radius, from 6 to 3 arcmin. However, the peak
flux decreases in the 2 and 1 arcmin cut-off radii cubes. Even though the ZOA survey
is well sampled, the 032 cube gridded with a 1 arcmin cut-off radius has some empty
pixels. Other possible causes of this decrease are the relative position between the pixel
and the data that contribute to it, or the increased susceptibility of the final spectra
to systematic effects. Table 5.4 shows the correction factors, from simulations, to
be applied to point source fluxes, as a function of the cut-off radii used to grid the
cubes. Although the peak flux of point sources is only underestimated by 5% if a
3 arcmin cut-off radius is used, compared to 20% using 6 arcmin, the resulting spectra
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Figure 5.14: Map of integrated RRL emission, in units of Jy/beam km s−1 from ℓ =
20◦ to 44◦and |b| ≤ 4◦, from the difference between the 4 arcmin minus the 6 arcmin
cut-off radii cubes. This identifies the sources, W49 and W40, where the calibration
correction is significant.
Figure 5.15: Map of the quotient between the RRL integral maps from the
cubes reduced with 4 arcmin divided by 6 arcmin cut-off radius, in units of
Jy/beam km s−1 from ℓ = 20◦ to 44◦and |b| ≤ 4◦.
are noisier. Measurements of the rms of spectra away from the Galactic plane for the 6
and 3 arcmin cut-off radius cubes, give 4.8 mJy/beam and 7.9 mJy/beam, respectively.
Also, the rms of the corresponding RRL peak line temperature maps are 2.0 mJy/beam
and 3.8 mJy/beam.
Table 5.4 indicates that the 4 arcmin cut-off radius cube produces fluxes for point
sources that are 12 per cent higher than in the 6 arcmin cut-off radius cube. Therefore,
subtracting the corresponding line integral maps should allow the identification of the
regions whose flux needs to be calibrated. Fig. 5.14 shows the difference between the
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RRL integral map from the cubes derived with 4 and 6 arcmin cut-off radii. The spectra
are integrated 40 km s−1 either side of the line using the miriad task moment which was
set to reject spectra below 2σ. The Hii regions W49 and W40 are identified as well
as two Hii regions in the W43 group, G30.7+0.0 and G29.9-0.0. W43 is an extended
group of Hii regions, the brightest in this region of the Galaxy. The map in Fig. 5.15
is the quotient between the line integral maps from the 4 and 6 arcmin cut-off radii
cubes. It indicates that in fact the level of correction in the W43 complex is not greater
than 10 per cent. The expected ratio of 12 per cent for point sources is measured at the
position of W49 and W40.
Since the bulk of the total RRL emission in the maps is extended, as it will be
shown in the next Chapter, I use the 6 arcmin cut-off radius maps with no correction
factor applied. This cut-off radius is used because it provides an adequate flux scale
with an error of approximately 10 per cent for extended sources in a low noise cube.
5.3 The distribution of RRL emisson from ℓ = 20◦ to
44◦
5.3.1 The ℓ = 40◦ cube
The total RRL emission map for the ℓ = 40◦ region is shown in Fig. 5.16. The max-
imum and minimum of the map are 5.6 and −0.1 K km s−1, respectively and the rms
noise away from the Galactic plane is 0.06 K km s−1. This map recovers the individual
Hii regions at a similar level of emission to that derived for ℓ = 40◦ in Chapter 4 using
the previous analysis based on the minmed5 algorithm (Fig. 4.16). Importantly, it is
less noisy, with less negatives and striping features. The largest negative is now at a
1.7σ level, whereas before it was at 4σ. More extended emission is recovered on the
plane at the high longitude end of the map, where the negative sidelobe next to the
strong Hii region W49 has now disappeared.
The difference map between the present and the previous result is shown in Fig.
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Figure 5.16: Map of the total integrated RRL emission in the ℓ = 40◦ cube (in
K km s−1). The contours and non-linear colour scale are the same as in Fig. 4.16.
The resolution of the map is 14.8 arcmin.
5.17. Its rms noise, dominated by the minmed5 map, is 1.6% of the maximum which
corresponds to 0.09 K km s−1. The minimum and maximum are −1.04 K km s−1 at
(ℓ,b)=(37◦.2,+0◦.8) and 1.02 K km s−1 at (ℓ,b)=(37◦.2,+0◦.0), respectively. The remain-
ing artifacts in the present map are due to residual baseline effects, but they only affect
a small number of pixels for which the optimal baseline fitting parameters cannot re-
cover the whole RRL signal. Another effect contributing to the difference between the
two results is the fact that the previous analysis was based on a 4th order polynomial
fit to overcome the difficult baselines; this could have slighlty overestimated the RRL
signal in some areas. There is ∼ 6% increase in the extended emission at high latitudes
in the present map. This is the result of more stable spectral baselines even away from
the plane, which also provide the lower rms in the RRL integrated map.
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Figure 5.17: The difference map of the total integrated RRL emission at ℓ = 40◦ (in
K km s−1) from the present analysis (Fig. 5.16) minus that of the previous analysis
(Fig. 4.16), described in Chapter 4. The difference is in percentage units relative to the
maximum line integral, which is 5.6 K km s−1 for both maps.
5.3.2 The ℓ = 32◦ cube
The map of the total RRL emission in the ℓ = 32◦ region is shown in Fig. 5.18.
Well-known Hii regions are identified in the map, as well as the diffuse RRL emission
on the Galactic plane. The maximum and minimum of the map are 26.7 K km s−1 and
−0.2 K km s−1, respectively, and the rms noise measured away from the Galactic plane
is 0.05 K km s−1. Thus, the largest negative of the map at (ℓ,b)=(29◦.4,2◦.2) is at a 4σ
level. Low-level striping at a 1.8σ level is visible below the Galactic plane.
The dynamic range of W40, defined as the ratio between the maximum intensity
and the maximum artifact around it, is 34; negative sidelobes are at a the 3σ level.
The dynamic range can be caused by noise or systematics. In the case of W40 it is
likely that systematic effects, probably related to be sidelobes of the beam, are the
main cause. The negative at (ℓ,b)=(34◦.7,−0◦.4) is caused by the SNR W44, which has
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Figure 5.18: Map of the total integrated RRL emission in the ℓ = 32◦ cube (in
K km s−1). Contours and colour scale are the same as in Fig. 5.16, with additional
contours at 100, 140, 180, 220, 260, 300, 340 and 380 per cent of 5.29 K km s−1. The
resolution of the map is 14.8 arcmin.
a flux density and size at 1.4 GHz of 272 Jy and 23 arcmin (Altenhoff et al. 1970).
Therefore, this strong continuum source produces baseline distortions that result in a
spectral negative at 1399.8 MHz (∼ −95 km s−1) in its surrounding pixels.
5.3.3 The ℓ = 24◦ cube
The total RRL emission map recovered from the ℓ = 24◦ cube is shown in Fig. 5.19.
The maximum and minimum of the map are 10.2 and −0.1 K km s−1, respectively, and
the rms noise is 0.04 K km s−1. The largest negative of the map is at the 2.5σ level,
at (ℓ,b)=(25◦.2,−3◦.8). Individual well-known Hii regions are recovered, as well as a
ridge of diffuse emission between |b| ≃ 1◦. The RRL emission features that extend to
positive latitudes at ℓ = 25◦.5 and ℓ = 21◦.5 are at a 2.2σ and 3σ level, respectively, and
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Figure 5.19: Map of the total integrated RRL emission in the ℓ = 24◦ cube (in
K km s−1). Contours and colour scale are the same as in Fig. 5.18. The resolution
of the map is 14.8 arcmin.
are seen in continuum maps at 1.4 GHz, such as the map presented in the next section
(Fig. 5.20). There is a sharp cut-off in RRL emission which causes the contours to
lump around b ∼ +1◦; above that latitude the RRL signal is weak, 4 − 5 mK, only
∼ 1.6σ above the rms noise of the spectra. This asymmetry in latitude is also visible in
the continuum map in Fig. 5.20. Despite the similarities, the low diffuse RRL emission
above |b| ∼ 1◦ may be partly due to sidelobe effects caused by the strong and narrow
continuum emission from the Galactic plane.
5.4 The Parkes 1.4 GHz continuum map
The 1.4 GHz continuum map from the combination of HIPASS and ZOA data, for the
region ℓ = 20◦ to 44◦, is presented in this section. The analysis of the continuum data
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was carried out by Dr. Mark Calabretta. In particular, the ZOA DC level correction
and the combination of the HIPASS and ZOA datasets, were adapted from the con-
tinuum analysis to the spectral recombination line study. For the continuum map, the
bandpass correction uses the minimum-running-median, or minmedn algorithm, with
a box size of 10 integrations. The continuum bandpass-corrected and calibrated files
are then gridded using the same parameters, namely the pixel size, the cut-off radius,
smoothing kernel and no beam normalisation, as those used in the imaging of the RRL
data. Following the gridding of ZOA and HIPASS data, the maps for each 8◦ × 8◦
zone are corrected for the DC offset, through an iterative process. First the ZOA and
HIPASS datacubes are gridded and subtracted in Galactic coordinates, where the DC
levels are averaged in Galactic longitude and then added back to the ZOA cube. Then,
the datasets are gridded and subtracted in equatorial coordinates, where, this time, fea-
tures along the declination direction are averaged. After the iterative process to correct
for the zero levels, the final map is gridded in Galactic coordinates using the same
parameters in gridzilla as those used to produce the RRL cubes. Furthermore, the
calibration factors in this map are the same as in the RRL maps. No point source
correction is applied.
In order to assess the overall calibration of the Parkes continuum map, the inte-
grated flux of a few sources was calculated and compared with the results from the
1.4 GHz Effelsberg map (Reich et al. 1990b). The continuum sources are fitted with
a Gaussian profile using the aips jmfit task in both maps, where the Effelsberg map is
spatially smoothed from 9.4 to 14.8 arcmin. The results are shown in Table 5.5, along
with the corresponding errors from the fitting procedure. The error on the ratios of the
weakest sources, W45 and RCW179, is mainly due to the fact that they are surrounded
by an extended emission background, which affects the fit. For W40 and W49, the
error on the integrated flux is less than 12%. The average ratio between the flux den-
sities for these sources is 1.07 with an rms of 0.13, which shows that the two datasets
are consistent. The positive bias of the ratio is due to the fact that the point source
correction factor has not been applied to the Parkes continuum map. Therefore the flux
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Table 5.5: Integrated intensities and measured sizes of continuum sources fitted from
the Effelsberg and the Parkes 1.4 GHz maps. The Effelsberg map (Reich et al. 1990b)
is smoothed to the same resolution, 14′.8, of the Parkes continuum map. The errors on
the flux density and sizes are from the fitting procedure; the error bars are the same for
both dimensions of the source sizes, therefore only one error measurement is given.
Effelsberg (E) Parkes (P)
Source Flux Size Flux Size Ratio (E/P)
density (Jy) (arcmin) density (Jy) (arcmin)
G28.8+3.5 W40 32 ± 4 (16 × 16) ± 1 26 ± 3 (15 × 14) ± 1 1.23 ± 0.21
G40.5+2.5 W45 8 ± 4 (17 × 16) ± 5 9 ± 4 (18 × 17) ± 5 0.89 ± 0.60
G43.2-0.1 W49 82 ± 5 (22.0 × 15.7) ± 0.9 69 ± 4 (21.0 × 15.3) ± 0.8 1.19 ± 0.10
G41.1-0.3 35 ± 5 (21 × 19) ± 2 36 ± 5 (23 × 21) ± 2 0.97 ± 0.19
G36.3-1.7 RCW179 14 ± 7 (26 × 23) ± 10 13 ± 6 (26 × 23) ± 10 1.08 ± 0.73
1.07 ± 0.13
densities of compact objects are expected to be underestimated by . 20%, as indicated
in Table 5.3.
The contour map of the 1.4 GHz Parkes continuum for the 24◦ × 8◦ region under
study is presented in Fig. 5.20, along with the contour plot of the thermal brightness
temperature estimated from the RRL line integral. The brightness temperature, Tb,
was calculated using 7000 K for the electron temperature, as in Section 4.3.1. Fig.
5.20 shows that the 032 region is the strongest in continuum, as compared to the other
two zones. This is mostly due to the W43 Hii region at (ℓ,b)=(30◦.8,+0◦.0) and the
SNR W44 at (ℓ,b)=(34◦.7,−0◦.5), that peak at 79 K and 67 K, respectively. Well-known
Hii regions and SNRs can be readily identified by comparing the two maps.
A thorough comparison between these results, as well as comparisons with other
datasets at different frequencies and the implications of the adopted value of Te =
7000 K, will be discussed in the next chapter.
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Figure 5.20: Maps of the total (top) and thermal (bottom) brightness temperature at 1.4 GHz for the region ℓ = 20◦ − 44◦, |b| ≤ 4◦.
The continuum map is from the combination of ZOA and HIPASS surveys (see text) and the free-free is estimated from the RRLs
with Te = 7000 K. The contours are given at 0.1, 0.5, 1, 1.5, 2 and 2.5 and then at every 1 K from 3 to 10 K, every 2 K from 10 to
20 K and then every 5 K up to 80 K. The first eight contours are labelled in the maps. The resolution of the map is 14.8 arcmin.
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6Implications for Galactic and CMB
science
In this Chapter I present the main results of this work and their implications for Galac-
tic and CMB science. It is organised as follows: in section 6.1 the electron tempera-
ture of the thermal emission is derived along with the best free-free map for the region
ℓ = 20◦ to 44◦. This map, when subtracted from the total continuum, enables the syn-
chrotron emission to be derived for the same region, which is presented in Section 6.2.
Sections 6.3 and 6.4 give the list of Hii regions and SNRs extracted from the free-free
and synchrotron maps, respectively. In Section 6.5 I compare the free-free latitude
distribution of the thermal emission with WMAP and Hα data. The velocity and ra-
dial distribution of the RRL gas in the Galaxy is presented in Section 6.6 and finally
Section 6.7 shows two examples of He and C RRLs from the present survey.
6.1 Te of the thermal emission from ℓ = 20◦ to 44◦
In this Section I present a method of determining the electron temperature for the
diffuse ionised component which is used to estimate the final free-free brightness tem-
perature map.
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6.1.1 Method to determine Te
The maps of total and thermal brightness temperature from the ZOA and HIPASS sur-
veys allow the separation between the free-free and synchrotron emission at 1.4 GHz.
At this frequency, the emission from the Galaxy is dominated by these two compo-
nents, thus the synchrotron is the total minus the free-free estimated from the RRL data.
Using the total continuum and free-free maps of Fig. 5.20 the synchrotron emission is
obtained for a fixed electron temperature of Te = 7000 K across the region. The longi-
tude distribution at b = 0◦ of the three components is shown in Fig. 6.1. The decreases
in the synchrotron emission indicated by the arrows are correlated with the free-free
emission. For those Hii regions, the assumed Te = 7000 K for the diffuse emission
overestimates the free-free producing an apparent decrease in the synchrotron. When
the electron temperature of an Hii region is higher than 7000 K, as is the case of W40,
the derived synchrotron is overestimated which produces an increase.
The variation of Te in discrete Hii regions with longitude, or Galactic radius, is
well known and can be taken into account by applying the Te − RG relationships de-
rived by Shaver et al. (1983) and Paladini et al. (2004) to the RRL integral map, where
the Galactocentric distance is calculated using the RRL velocity information and a
Galactic rotation curve. Applying the Paladini et al. (2004) relationship to correct the
free-free map for Te, results in the synchrotron distribution given by the dotted line in
Fig. 6.1. It can be seen that the decreases are partly suppressed and the synchrotron
distribution is smoother. However, there is a spread in Te at a given Galactocentric
radius as shown in Fig. 2.6. Therefore, and in order to apply the appropriate Te correc-
tion for the diffuse Hii under study, I chose to derive a Te − RG relationship using the
present continuum and RRL data.
The line-to-continuum ratio is one of the most precise methods of determining the
electron temperature of an ionised region (Section 2.5.1) and this survey has the ad-
vantage of providing both the line and the continuum data at the same resolution, after
going through the same reduction pipeline. However, to use equation (2.41) to cal-
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Figure 6.1: Comparison between the total continuum, the free-free estimation from
the RRLs and the synchrotron, versus longitude, at b = 0◦. The full and dotted red
lines represent the synchrotron when the free-free is derived firstly using a constant
value of Te = 7000 K and secondly using the Te − RG relationship from Paladini et al.
(2004). The arrows show three regions of decrease in the derived synchrotron emission
coincident in shape and position with Hii regions.
culate Te, the continuum temperature must correspond to the thermal component only
so any remaining synchrotron emission underlying the Hii region has to be subtracted.
The method adopted to deal with this degeneracy problem is based on the fact that the
synchrotron longitude distribution is relatively smooth, as shown in Fig. 6.1. Thus,
for an Hii region away from a strong synchrotron emitting source, the background syn-
chrotron emission can be estimated by taking the average of its longitude distribution
either side of the source. A detailed description of the method with further examples
is given in the next sections.
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6.1.2 Examples of Te variations in the diffuse emission
Figure 6.2 (a) shows the longitude profiles of the total continuum, free-free and syn-
chrotron at b = 3◦.5, where the free-free is estimated using the constant value of
Te = 7000 K. The synchrotron distribution is smooth with an average value of ∼ 3.5 K
away from the compact object W40. Fig. 6.2 (b) gives a zoom in on the Hii region W40
centred at l = 28◦.8. The synchrotron distribution shows an increase correlated with the
free-free distribution which indicates that the electron temperature of this Hii region is
higher than 7000 K. The longitude extent of W40 is estimated from its free-free dis-
tribution and given by the inner vertical lines. The background synchrotron emission
is the average of the synchrotron distribution estimated between the outer and inner
vertical lines. This restricted range in longitude is to account for the broad emission
component underlying W40 which is considered to be synchrotron emission, since it is
not seen in free-free. Sidelobe effects on the RRL map around this strong and compact
source are a possible cause of the negatives seen around W40 (Section 5.3.2) but are
not likely to suppress the broad emission if it were to be free-free since it is observed
in the total continuum from the same survey. The resulting synchrotron background is
Tsync = 6.0 ± 0.6 K and is shown as the horizontal line between ℓ = 29◦.3 and 28◦.3 in
Fig. 6.2 (b). The error on Tsync, 0.6 K, is estimated from the rms of the synchrotron
map measured away from the Galactic plane.
Figure 6.3 shows the longitude profiles of the total continuum, free-free and syn-
chrotron for two other Hii regions, G25.8+0.2 and G20.7-0.1. The free-free is esti-
mated using the constant value of Te = 7000 K and the derived synchrotron shows a
decrease at the position of each source. These Hii regions have an electron temperature
lower than 7000 K, as it will be shown in Section 6.1.4. The synchrotron background is
estimated between the inner and outer vertical lines to exclude the object and is shown
as the horizontal lines in each figure.
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(a) (b)
Figure 6.2: Longitude cut at b = 3◦.5, through the Hii region W40. The synchrotron
background is the mean estimated between the outer and inner vertical lines in (b), and
the result is given by the horizontal line between ℓ = 29◦.3 and 28◦.3.
(a) (b)
Figure 6.3: Longitude cut at b = +0◦.2 and b = −0◦.1, through the sources (a)
G25.8+0.2 and (b) G20.7-0.1. The black line represents the total continuum, the blue
is the free-free with Te = 7000 K and the red is the synchrotron. The synchrotron
background is the mean estimated between the outer and inner vertical lines and the
result is given by the horizontal line (Section 6.1.4).
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6.1.3 Estimate of the electron temperature
To derive Te, I use equation (2.41) in the form:
Te = 2847.39 ×
(TC − Tsync∫
TL∆V
)−1.15
(6.1)
where a, in equation (2.12), is assumed to be 1, νGHz = 1.4 and
∫
TL∆V is in units of
K km s−1. The thermal brightness temperature is the difference between the continuum
temperature at the central longitude of the Hii region and the estimated synchrotron,
T f f = TC − Tsync. The line integral is also taken at the centre of the source. For W40,
TC = 24.7 ± 0.6 K, T f f = 18.7 ± 0.2 K,
∫
TL∆V = 5.1 ± 0.5 K km s−1. The error
bars on the continuum, free-free, synchrotron and line integral are taken as the rms of
the respective maps away from the Galactic plane, which are then propagated into the
electron temperature using equation (6.1). The derived electron temperature for W40
is 8770 ± 560 K. Table 6.1 compares published Te values with the results from this
work. It includes W40 and the two Hii regions in Fig. 6.3, whose Te was obtained in
the same way. There is a good agreement in the results, despite the different angular
resolutions and frequencies of the published observations. For example, the Hii region
survey by Quireza et al. (2006) at 8.6 GHz and 3.2 arcmin resolution detects W40 with
an angular size of 8.5 arcmin, similar to what is found in this work (see Section 6.3.1).
I have also used the aips procedure jmfit to fit a Gaussian profile to W40 on the
continuum and line integral maps. The result is TC = 23.0± 0.6 K, which is equivalent
to T f f since a background was subtracted by jmfit, and
∫
TL∆V = 6.2 ± 0.1 K km s−1.
Therefore, Te = 8770 ± 250 K. This result is in good agreement with the previous
value of 8770 ± 560 K which shows that the method of estimating the synchrotron
using the longitude cuts gives reliable values. A procedure such as jmfit would be
ideal to subtract the synchrotron background from Hii regions, but it is less reliable on
the Galactic plane due to the strong emission and source confusion.
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Table 6.1: Published electron temperatures for the Hii regions W40, G25.8+0.2 and
G20.7-0.1 compared with the values found in this work.
Hii Region Downes et al. (1980) Wink et al. (1983) Quireza et al. (2006) This work
W40 - 8000 ± 1400 8450 ± 70 8770 ± 560
G25.8+0.2 6200 ± 2500 5000 ± 800 6120 ± 100 6060 ± 290
G20.7-0.1 5900 ± 2500 7100 ± 900 5590 ± 90 5340 ± 290
6.1.4 The Te distribution as a function of Galactic radius
In order to obtain the relationship Te − RG, the discrete Hii regions used to estimate
Te must cover a wide range of Galactocentric radii. The longitude range ℓ = 20◦ −
44◦ includes emisson between V ∼ 0 − 100 km s−1, which is equivalent to RG ∼
4− 8.5 kpc. The Galactocentric radius of an Hii region at longitude ℓ and velocity V is
obtained by combining equations (2.49) and (2.50):
RG =
221.64R0
Θ0 + V/sin(ℓ) + 0.44R0 (6.2)
where RG is in kpc, R0 = 8.5 kpc and Θ0 = 220 km s−1 (Section 2.5.1). A group of 16
Hii regions was selected for this study. Even though there are more objects in the field,
these are the Hii regions with clearer longitude profiles combined with the fact that
their RRL spectra have only one velocity component. Table 6.2 lists the Hii regions
with the corresponding velocities and Galactocentric distances, along with TC, Tsync,
T f f ,
∫
TL∆V and the derived Te. The background synchrotron level varies between
∼ 4 − 12.5 K and increases along the Galactic plane towards lower longitudes, as seen
in Fig. 6.1.
The electron temperatures obtained for the 16 Hii regions are shown in Fig. 6.4 as
a function of the Galactocentric distance. The best linear fit to the data gives:
Te = (3467 ± 463) + (501 ± 96)RG (6.3)
where the absolute errors on Te are taken into account by the fitting procedure, idl
linfit. As shown in Fig. 6.4 this result is in general agreement with the Paladini
MARTA ALVES 163
6: IMPLICATIONS FOR GALACTIC AND CMB SCIENCE
Table 6.2: List of Hii regions selected for the study of the electron temperature variation
with Galactocentric distance. RG is calculated using the RRL central velocity, listed in
column 2, and equation (6.2) with R0 = 8.5 kpc. TC, Tsync, T f f ,
∫
TL∆V are obtained
from the longitude profiles using the method described in the text for W40; the errors,
taken as the rms measured on the maps away from the Galactic plane, are 0.6 K, 0.6 K,
0.2 K and 0.5 K km s−1, respectively. Te is calculated using equation (6.1).
Hii Region V RG TC Tsync T f f
∫
TL∆V Te
( km s−1) (kpc) (K) (K) (K) (K km s−1) (K)
G40.5+2.5 26.8 7.1 9.5 5.0 4.5 1.3 8360 ± 1590
G37.8-0.1 53.6 6.1 21.1 6.4 14.7 6.0 6180 ± 340
G37.7-0.2 53.6 6.1 22.3 7.3 15.0 5.8 6520 ± 350
G36.3-1.7 66.9 5.6 7.0 3.8 3.2 1.3 6210 ± 1480
G35.6+0.0 53.6 6.0 19.4 8.8 10.6 4.0 6650 ± 410
G33.1-0.1 93.7 4.8 15.7 8.6 7.1 3.3 5564 ± 525
G30.9-0.1 93.7 4.6 61.0 8.9 52.1 23.7 5660 ± 190
G30.7+0.0 93.7 4.6 77.3 10.4 66.9 30.9 5580 ± 170
G30.0-0.1 93.7 4.6 61.0 8.9 52.1 23.7 5780 ± 280
G28.8+3.5 0.0 8.4 24.7 6.0 18.7 5.1 8770 ± 560
G27.1+0.0 93.7 4.4 20.9 8.6 12.3 4.8 6500 ± 440
G25.8+0.2 107.1 4.0 27.7 10.0 17.6 7.4 6060 ± 290
G24.8+0.1 107.1 3.9 28.9 8.4 20.5 9.1 5790 ± 240
G23.5+0.0 93.7 4.1 27.4 12.0 15.4 7.4 5400 ± 280
G22.9-0.3 66.9 4.8 33.7 12.5 21.2 9.2 5870 ± 220
G20.7-0.1 53.6 5.0 23.2 10.3 12.9 6.3 5340 ± 290
et al. (2004) and Shaver et al. (1983) results, even though they have larger samples of
objects. The difference between the three lines is mainly caused by the lack of data
points beyond the solar radius in the present sample and the two higher Te values from
the local Hii regions W40 and W45. There is an intrinsic scatter at any given RG in all
studies due to the different properties of each Hii region.
6.1.5 The total free-free brightness temperature
I am now in the position to convert the RRL map into free-free brightness temperature
at each pixel using the derived Te−RG relationship. In order to automate the calculation
of RG and thus Te at each position, I use the velocity that corresponds to the maximum
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Figure 6.4: The Te − RG relationship derived from the results in Table 6.2. The black
line gives the best linear fit to the data points (equation (6.3)) and the blue and green
lines are the Paladini et al. (2004) and Shaver et al. (1983) results, respectively.
of the RRL spectrum estimated between −30 to 160 km s−1 in equation (6.2). Two
issues arise with this method. The first is that some spectra have two velocity compo-
nents, therefore using the peak velocity assigns all the emission to a single radius, and
the second is that away from the plane the peak velocities are affected by noise.
For the double-peaked spectra, the electron temperature should be the mean of
the two velocity contributions, weighted by the line intensities. However, some lines
are blended due to the spectral resolution, which makes it difficult to separate the
two line temperatures in an automated way. If one line component, with tempera-
ture TL1 , is dominant then the mean Te is also dominated by Te1 . Only if TL1 and
TL2 are comparable does Te result from a significant contribution from both compo-
nents. As an example, the spectrum at (ℓ, b) = (25◦.4,+0◦.1) shown in Fig. 6.5, has
TL1 = 79 mK at V = 107 km s−1 and TL2 = 82 mK at V = 53 km s−1. The correspond-
ing Galactocentric distances are 4.0 kpc and 5.4 kpc, respectively. Using equation
(6.3), Te1 = 5470 ± 850 K and Te2 = 6170 ± 980 K. The mean electron temperature
at this position is thus 5820 ± 1300. This shows that adopting Te that corresponds to
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Figure 6.5: Spectrum at (ℓ, b) = (25◦.4,+0◦.1), showing two velocity components, at
V = 107 km s−1 and V = 53 km s−1, of similar intensity.
the brightest line component is sufficient given the accuracy on the Te − RG relation-
ship with further uncertainties in the estimation of V and RG. For spectra away from
the plane, even though the maximum of the line may correspond to a random veloc-
ity within the −30 to 160 km s−1 range, the signals are weak therefore the free-free
emission is not significantly affected. As a result, the electron temperature map for the
region ℓ = 20◦−44◦ derived using equation (6.3) and the RRL velocities has minimum
and maximum values of 4900 K and 8590 K, respectively, with an average value at
b = 0◦ of 6080 ± 970 K.
The final and best free-free map, obtained using the Te − RG relationship in the
conversion of the RRL line integral at each position, is shown in Fig. 6.9. The changes
are relatively small compared with the map in Fig. 5.20, where a constant value of
Te = 7000 K is used. Fig. 6.6 shows the latitude distribution from both maps, averaged
over the 24◦ longitude range. The latitude profiles are very similar and have the same
FWHM of 0◦.8. This shows that the free-free emission is a narrow distribution around
the plane. The peak of the free-free profile with Te = 7000 K is ∼ 1.25 times that of
the the free-free with varying Te, reflecting the lower mean value of Te ∼ 6000 K on
the plane.
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Figure 6.6: The free-free brightness temperature estimated from the RRLs versus lat-
itude, average over the ℓ = 20◦ − 44◦ longitude range, using 4 arcmin latitude bands.
The full line results from using the Te−RG relationship in equation (6.3) and the dotted
line from adopting the constant value of Te = 7000 K.
6.2 The synchrotron emission
The synchrotron emission can now be obtained by subtracting the free-free estimated
from the RRLs with varying electron temperature from the continuum. Fig. 6.7 shows
this synchrotron contour map. Well-known SNRs are identified in the map, whose list
will be presented in Section 6.4, along with a broad background emission falling to
∼ 4 K at |b| . 4◦.
There are some positive and negative residuals at the position of a few Hii regions.
W40 and W48 (G35.2-1.7) are likely to be underestimated in free-free emission caused
by an underestimation of their electron temperatures. In the case of W40, the broad
emission underlying the compact source is thought to be of non-thermal origin (Section
6.1.2). The opposite applies to W47 (G37.8-0.1) and W43 (G30.9-0.1). These are
groups of several Hii regions, unlikely to be characterised by a single Te value.
Figure 6.8 (a) gives the synchrotron emission versus latitude, averaged over the
24◦ range in longitude, using 4 arcmin latitude bands. The three lines are the different
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Figure 6.7: Map of the synchrotron emission at 1.4 GHz and 14.8 arcmin for the region
ℓ = 20◦ − 44◦, |b| ≤ 4◦. The contours are given at every 1 K from 3 to 10 K, every 2 K
from 10 to 20 K and then every 5 K up to 80 K. The first two contours are labelled in
the map.
(a) (b)
Figure 6.8: The synchrotron emission versus latitude, average over two longitude
ranges using 4 arcmin latitude bands. The full line is for the present synchrotron map,
obtained with the Te − RG relationship, the dotted line is for Te = 7000 K and the
dashed line is for Te = 5000 K.
synchrotron results using Te = Te(RG), Te = 7000 K and Te = 5000 K in the free-
free estimation. The similarity between the three plots for |b| & 1◦ reflects the fact
that the RRL line integral is low away from the plane, and therefore the synchrotron
emission is the major contributor at 1.4 GHz for |b| & 1◦. The contribution of the
strongest SNR in this region, W44 (G34.7-0.4), is visible at b ∼ −0◦.4. Fig. 6.8 (b)
is an average over ℓ = 24◦ − 34◦ plus ℓ = 35◦.5 − 42◦.5 in order to exclude four of
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the brightest SNRs: W44, W41 (G23.3-0.3), Kes69 (G21.8-0.6) and W49B (G43.3-
0.2). The smoother distribution given by the full and dashed lines in Fig. 6.8, with
relation to the dotted line, seems to indicate that the electron temperature of the diffuse
ionised gas on the Galactic plane is similar to that of the individual Hii regions and not
higher. The average Te at b = 0◦ of ∼ 6000 K produces a mean synchrotron level on
the plane of ∼ 9 K, which increases to ∼ 11 K if Te = 5000 K. Therefore, the error of
∼ 1000 K on the best fit for the electron temperature at b = 0◦ produces a difference in
the synchrotron amplitude of ∼ 2 K.
The free-free map henceforth refers to the result of converting the RRL line inte-
gral into brightness temperature using Te = Te(RG), which when subtracted from the
continuum produces the synchrotron map.
6.2.1 Comparison with the continuum
Figure 6.9 shows the continuum, free-free and synchrotron emission maps, plotted in
the same linear intensity scale. The corresponding latitude distributions are shown in
Fig. 6.10, for the ℓ range 20◦ to 44◦, using 4 arcmin bins. It shows that the synchrotron
is the dominant emission at high latitudes, where the free-free has fallen to a low value
of 0.1 − 0.2 K. On the Galactic plane, the synchrotron accounts for ∼ 60% of the total
emission.
The synchrotron distribution appears to have two components - one with a FWHM
of ∼ 10◦ and a narrow Galactic plane component with a FWHM of ∼ 2◦. Separation
of Galactic thermal and non-thermal components has been performed by means of the
correlation between infrared and radio emission (Broadbent et al. 1989) or according
to their different spectral indices (Reich & Reich 1988; Paladini et al. 2005; Sun et al.
2011). Sun et al. (2011) use their recent survey at 6 cm, along with the Effelsberg
data at 11 (Reich et al. 1990a) and 21 cm (Reich et al. 1990b), to separate thermal and
non-thermal emission between 10◦ ≤ ℓ ≤ 60◦. The derived synchrotron map shows a
similar narrow component to that found here. This component is identified here for the
MARTA ALVES 169
6: IMPLICATIONS FOR GALACTIC AND CMB SCIENCE
Figure 6.9: Maps of the total continuum (top), free-free (middle) and synchrotron (bot-
tom) emission at 1.4 GHz and 14.8 arcmin resolution. The free-free is estimated from
the RRL integral using the Te − RG relationship from equation (6.3). The synchrotron
is the difference between the continuum and the free-free emission and shows a narrow
diffuse emission confined to the plane.
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Figure 6.10: Comparison between the total continuum, the free-free and the syn-
chrotron emission, versus latitude, for the longitude range ℓ = 20◦−44◦, using 4 arcmin
latitude bands. The black line represents the continuum, the blue is the free-free and
the red is the synchrotron.
first time by direct subtraction of the free-free emission.
Once the broad component of ∼ 3.5 K is taken off the synchrotron, the contribution
from the narrow component is comparable to that of the free-free on the plane.
6.3 Catalogue of Hii regions
6.3.1 Catalogue from the present work
Using the free-free map from the present work a catalogue of Hii regions with their
angular sizes and fluxes at 1.4 GHz has been created. I have used SExtractor, a source
extractor program (Bertin & Arnouts 1996). The main parameters to adjust in SEx-
tractor are the background mesh size, filter function, detection threshold and minimum
area. The background size used is 16, which corresponds to the number of pixels of
each mesh where the background is estimated. The input map is 24◦×8◦ with 4 arcmin
pixels, so the mesh is ≃ 1◦. This parameter produces a smooth background map with
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the Galactic plane ridge. A Mexican hat filter of width equal to 3 pixels, similar to
the 14.8 arcmin beam, was used to allow the detection of weaker and smaller sources.
Other filters were tested, such has the Gaussian of same width, but the objects detected
are mainly the brightest and most extended. The source has to extend over more than
2 pixels to trigger a detection with a threshold of 2σ above the background rms. The
estimated background rms by SExtractor is 0.26 Jy/beam, therefore the threshold limit
is 0.53 Jy/beam. SExtractor also performs deblending, to separate possible multiple
components, controlled by the contrast parameter which is set to 0.005. The SExtrac-
tor parameters were tuned to recover objects on the Galactic plane with sizes consistent
with what is seen in the free-free map and known from higher resolution surveys (?).
Table 6.3 lists the 57 Hii regions extracted from the free-free map. The position
of each source is found in the filtered map by computing the first order moments of
the rectangle which encloses the pixels detected above the threshold. The object is
fitted for an elliptical shape whose parameters a and b are computed from the 2nd order
moments. They represent the maximum and minimum spatial rms dispersion of the
source profile and correspond to the ellipse major and minor axis, respectively. The
position angle (P.A.) listed is the angle between the semi-major axis of the source and
the longitude axis, measured counter-clockwise. Once the source is detected in the
filtered image, its peak flux is measured directly from the input map and subtracted by
the background. The error on the peak flux is estimated using the rms errors on the
free-free and background maps. I use the peak flux and the observed size to calculate
the flux density assuming a Gaussian profile for the source:
S = S P
a × b
fwhm2
(6.4)
where S P is the peak flux in Jy/beam and fwhm is the beam FWHM of 14.8 arcmin.
The error on S is estimated using the errors on S P and the errors on a and b, which are
given by SExtractor. The maximum error on the observed size is 4 arcmin. A source of
5 arcmin in size is observed by the 14.8 arcmin beam with a diameter of 15.6 arcmin.
This small broadening of the beamwidth is difficult to measure, especially for a weak
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Figure 6.11: The free-free map of the region ℓ = 44◦ to 20◦, with the 57 Hii regions
listed in Table 6.3. The ellipses are drawn using the semi-major and minor ellipse
parameters and the postion angle. The contours are given at 0.1, 0.5, 1, 1.5, 2 and 2.5
and then at every 1 K from 3 to 10 K, every 2 K from 10 to 20 K and then every 5 K
up to 80 K. The first eight contours are labelled in the map.
object within the noise. For the objects whose apparent area is smaller than the beam
area, the flux density is the same as the peak, S = S P. In such cases, the P.A. has a
large uncertainty. Table 6.3 also includes a validation parameter, which is produced by
various detection and measurement processes within SExtractor. If the flag is equal to:
1 the object has bright neighbours; 2 the source was originally blended with another
one; 3 means that case 1 and 2 apply. Column 9 in Table 6.3 shows that deblending
occurs mainly in the Hii complexes W47 (ℓ ∼ 37◦.5), W43 (ℓ ∼ 31◦), W42 (ℓ ∼ 24◦.5)
and at ℓ ∼ 23◦.5.
Figure 6.11 shows the position of the 57 extracted Hii regions on the free-free map.
This illustrates the orientation and size of each object detected by SExtractor.
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Table 6.3: Hii regions in the region ℓ = 44◦ to 20◦, extracted from the present free-free
map using SExtractor. Column 1 numbers each object; columns 2 and 3 are the coor-
dinates; columns 4 and 5 give the angular size of the source, thus a and b deconvolved
with the 14.8 arcmin beam, which is p when the object is less than a few (∼ 5) ar-
cmin; column 6 is the angle measured counter-clockwise between the semi-major axis
of the source and the longitude axis; columns 7 and 8 give the peak and flux density
at 1.4 GHz; column 9 gives the internal flags generated by SExtractor (see text); col-
umn 10 identifies a source by its commonly used name as in the Paladini et al. (2003)
catalogue.
Number ℓ b θa θb P.A. Peak Flux Flag Name
(◦) (◦) (′) (′) (◦) (Jy/beam) (Jy)
1 43.18 0.00 10.4 6.3 −45 25.6 ± 3.6 41.2 ± 6.7 0 W49A
2 42.54 −0.21 9.7 p −76 6.0 ± 1.3 6.8 ± 1.8 0
3 42.06 −0.58 1.7 p −9 3.7 ± 0.9 3.7 ± 0.9 0
4 41.63 0.10 4.9 p −19 4.7 ± 0.9 4.7 ± 0.9 0
5 41.08 −0.19 21.7 p 11 8.0 ± 1.2 10.1 ± 2.0 0
6 40.54 2.51 6.1 p 68 4.5 ± 1.0 4.5 ± 1.0 0 W45
7 40.00 −1.37 p p 0 4.1 ± 1.2 4.1 ± 1.2 0 S74
8 39.38 −0.17 6.8 p 33 5.0 ± 1.3 5.0 ± 1.3 2 NRAO591
9 38.23 −0.14 12.2 p 19 12.4 ± 2.9 12.4 ± 2.9 1
10 37.84 −0.25 17.1 1.7 47 17.8 ± 3.9 27.3 ± 6.5 3 W47
11 37.60 −0.01 32.2 p −43 16.6 ± 3.3 32.0 ± 7.3 2 W47
12 37.21 −0.12 5.5 p 24 12.0 ± 2.5 12.0 ± 2.5 3
13 36.91 −0.16 p p 46 6.2 ± 2.0 6.2 ± 2.0 0
14 36.50 −0.20 p p 0 3.3 ± 1.8 3.3 ± 1.8 0
15 36.34 −1.67 2.4 p −9 4.3 ± 1.1 4.3 ± 1.1 0 RCW179
16 35.65 −0.81 5.2 p 45 5.0 ± 1.7 5.0 ± 1.7 2
17 35.59 −0.01 10.1 7.7 86 10.5 ± 2.4 14.4 ± 3.6 0
18 35.27 1.03 p p 0 3.8 ± 1.2 3.8 ± 1.2 0
19 35.19 −1.69 27.4 p 53 7.9 ± 1.4 13.7 ± 3.0 0 W48
20 34.88 0.00 15.9 11.6 69 9.2 ± 2.5 17.1 ± 5.0 0
21 34.74 −0.77 p p 32 3.2 ± 1.7 3.2 ± 1.7 0 W44
22 34.52 −1.05 p p 47 3.8 ± 1.2 3.8 ± 1.2 0
23 34.27 0.13 19.9 p 2 12.3 ± 3.0 16.5 ± 4.4 1 W44
24 33.57 −0.06 21.2 p 51 7.7 ± 2.4 8.2 ± 2.9 0
25 33.14 −0.10 16.5 7.9 −45 9.6 ± 2.4 16.4 ± 4.4 0 Ke78
26 32.22 −0.17 12.9 p −15 7.7 ± 2.3 7.7 ± 2.3 1
27 32.17 0.10 2.4 p 70 6.6 ± 2.0 6.6 ± 2.0 1
28 31.93 −0.37 p p 2 8.4 ± 2.5 8.4 ± 2.5 1
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Number ℓ b θa θb P.A. Peak Flux Flag Name
(◦) (◦) (′) (′) (◦) (Jy/beam) (Jy)
29 31.90 1.47 p p 0 2.2 ± 0.6 2.2 ± 0.6 0 RCW177
30 31.49 −0.21 6.1 p −9 15.1 ± 3.6 15.1 ± 3.6 3
31 30.86 −0.74 4.9 p 12 8.4 ± 2.8 8.4 ± 2.8 0
32 30.81 −0.02 29.1 12.2 −11 82.4 ± 16.3 236.3 ± 50.6 1 W43,M51,Ke76
33 30.27 −0.19 31.9 p 26 32.4 ± 6.4 66.0 ± 14.7 3
34 29.93 −0.05 18.2 10.6 83 24.2 ± 4.8 47.5 ± 10.3 2
35 29.21 0.08 14.0 p −29 10.0 ± 3.2 10.1 ± 3.6 0
36 29.09 −0.65 p p −73 4.1 ± 2.4 4.1 ± 2.4 0 RCW175
37 28.80 3.49 10.9 5.8 −52 19.0 ± 3.0 30.6 ± 5.4 0 W40
38 28.74 0.17 24.9 11.3 −43 13.1 ± 3.7 32.0 ± 9.6 1
39 28.18 −0.02 29.0 p −34 10.1 ± 3.1 17.9 ± 6.0 1
40 27.41 −0.13 6.8 p −18 7.8 ± 3.0 7.8 ± 3.0 3 3C387
41 27.17 0.03 10.6 p −75 13.0 ± 4.5 10.7 ± 3.3 2 3C387
42 26.66 −0.14 21.7 p 2 14.9 ± 3.9 22.7 ± 4.5 1
43 26.13 −0.07 p p 0 10.8 ± 4.3 10.8 ± 4.3 3
44 25.77 0.14 25.0 9.9 −78 16.5 ± 5.5 39.1 ± 13.4 3
45 25.39 −0.20 14.5 10.6 −64 25.0 ± 7.2 43.1 ± 13.0 3 W42,Ke72
46 25.22 0.31 p p 18 8.0 ± 5.8 8.0 ± 5.8 0 Ke71?,RCW173
47 24.58 0.17 33.9 10.1 19 24.0 ± 7.8 72.5 ± 24.3 3 W42
48 24.55 −0.16 29.2 7.1 −2 25.4 ± 7.9 62.1 ± 20.2 3 W42
49 23.62 0.22 17.1 8.6 53 19.1 ± 5.7 33.6 ± 10.5 3
50 23.43 −0.17 30.6 5.2 −30 22.4 ± 5.8 54.8 ± 15.0 3 W41
51 23.03 0.60 p p 0 2.0 ± 2.2 2.0 ± 2.2 0 S57
52 22.93 −0.35 24.7 15.9 −13 23.3 ± 5.3 66.7 ± 16.3 3 W41
53 22.40 −0.00 12.4 p 90 7.6 ± 2.2 7.6 ± 2.2 2
54 22.22 −0.17 7.7 p 6 8.5 ± 2.3 8.5 ± 2.3 3
55 21.78 −0.17 17.9 14.2 37 8.0 ± 1.8 17.4 ± 4.3 0 RCW168
56 20.74 −0.10 13.6 8.1 −14 17.1 ± 3.3 26.5 ± 5.6 0 Ke68
57 20.27 −0.77 p p 90 2.9 ± 0.7 2.9 ± 0.7 0
6.3.2 Comparison with the Paladini et al. (2003) catalogue
In this Section I compare the catalogue of sources from the present work with the
Paladini et al. (2003) catalogue, which is the most extensive list of Hii regions to date.
It is the compilation of 1442 objects from 24 previously published lists, containing
RRL velocities for ≃ 800 objects and has been used to study the spatial distribution
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of Hii regions in the Galaxy (Paladini et al. 2004). The recent survey by Bania et al.
(2010), at a wavelength of 3 cm and 82 arcsec resolution, doubled the number of
sources in the longitude range −16◦ to 67◦ but the list of objects is not yet publicly
available. Such catalogues can be used to study the contamination of Hii regions at
the high CMB observing frequencies (Paladini et al. 2003), but also to separate the
contribution of individual sources from the diffuse emission.
The flux densities in the Paladini et al. (2003) catalogue, for the longitude region
under study, are essentially from the 2.7 GHz survey by Reich et al. (1984) at a resolu-
tion of 4.3 arcmin. I have selected W40 and W49 and also a group of Hii regions from
Table 6.3 to compare with the higher resolution catalogue by Paladini et al. (2003).
Compact Hii regions
W40 and W49 are the only Hii regions where a calibration correction of 20 per cent
has been applied in Table 6.3, for the reasons discussed in Section 5.2.3.
W40 is listed in the Paladini et al. (2003) catalogue as G28.8+3.5 with a flux den-
sity of 34.0 ± 3.4 Jy at 2.7 GHz and size 5.5 ± 2.0 arcmin. Its flux density at 1.4 GHz,
37.3 ± 3.6 Jy, is obtained by extrapolating the 2.7 GHz value using a spectral index
α = −0.1 (S ∝ να). The flux density listed in Table 6.3 is 30.6 ± 5.4 Jy and the size
is 10′.9 × 5′.8. The possible explanation for the remaining discrepancy in S involves
Te. The possibility of W40 being optically thick at 1.4 GHz, which would generate a
lower flux extrapolated from 2.7 GHz, is ruled out. This is based on the spectral index
α = 0.0 given by Altenhoff et al. (1970), from the flux measurements at 1.4, 2.7 and
5 GHz with a ∼ 10 arcmin beam in each case. The electron temperature obtained for
W40 in Section 6.1 is 8770 ± 560 K, whereas the actual value used in the conversion
of RRL line integral into free-free temperature is 7680 K, from equation (6.3) with
RG = 8.4 kpc. This difference in Te generates a flux density 1.16 times lower, thus the
Te-corrected flux is 35.5 ± 6.3 Jy which is consistent with the flux from the Paladini
et al. (2003) catalogue.
In the case of W49, the flux density obtained in this work is 41.2 ± 6.7 Jy. The
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optically thin assumption in the extrapolation of the 2.7 GHz flux densities from the
Paladini et al. (2003) catalogue does not apply to W49 which is a known complex of
UCHii regions (de Pree et al. 1997). For this object, I use the flux density measured at
1.4 GHz and 9 arcmin resolution by Altenhoff et al. (1970), 47 Jy, as opposed to the
scaled flux density from the 2.7 GHz catalogue, 57 Jy. There is a SNR component of
W49 10 arcmin away from the Hii region. They are commonly referred to as W49B
and W49A, respectively. For this reason it is difficult to estimate the synchrotron back-
ground underlying the Hii region, therefore I did not estimate its electron temperature
in Section 6.1.4. The published Te for W49 by Quireza et al. (2006) is 8290 ± 64 K
whereas the value used in the conversion of RRL line integral into free-free tempera-
ture is 7340 K, given by equation (6.3). The Galactic distance used is RG = 7.7 kpc
for a peak line velocity of 13 km s−1. To correct for this, the flux density of W49 is
multiplied by (8290/7340)1.15 = 1.15. The final value of 47.4 ± 7.7 Jy is consistent
with 47 Jy, the flux density given by Altenhoff et al. (1970).
Groups of Hii regions
In a complex of Hii regions the 14.8 arcmin beam cannot resolve the individual com-
ponents, thus comparing the total integrated flux with the individual fluxes from the
Paladini et al. (2003) is not straightforward. Moreover, the Paladini et al. catalogue is
a compilation of results from various authors, whose surveys were performed with dif-
ferent telescope beam sizes, at several frequencies. On the plane, the large beam from
the Parkes survey is likely to produce higher fluxes for a given group of Hii regions
since it includes the diffuse emission around the individual components and also from
the possible underestimation of the local background.
The 2.7 GHz survey by Reich et al. (1984), at a resolution of 4.3 arcmin, was
used to identify the individual Hii regions within a group. For example the object
G25.77+0.14 listed in Table 6.3 can be seen in the 2.7 GHz map as a group of 2
Hii regions: G25.7+0.0 and G25.8+0.2. These are listed in the Paladini et al. catalogue
with angular sizes of 2.4 ± 1.4 arcmin and 7.6 ± 2.5 arcmin, and velocities 56.3 ±
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1.1 km s−1 and 110.4 ± 0.9 km s−1, respectively. Their flux densities, extrapolated
to 1.4 GHz using α = −0.1, are 2.8 ± 0.5 Jy and 15.0 ± 5.0 Jy. The RRL spectrum
at (ℓ, b) = (25◦.8, 0◦.14) has two velocity components, 53.6 and 107.1 km s−1. This
means that the emission is indeed arising from these two Hii regions, but the sum of
their fluxes does account for the measured flux of 39.1 ± 13.4 Jy, in Table 6.3, with an
angular size of 25′ × 10′. The large error bar is in part explained by the flag parameter
which indicates that this source was initially blended with a bright neighbour, as Fig.
6.11 shows.
6.3.3 The latitude distribution of individual Hii regions
In this Section I investigate the latitude distribution of the Hii regions from the higher
resolution Paladini et al. (2003) catalogue and compare it with that from the present,
lower resolution catalogue.
There are 264 Hii regions in the Paladini et al. (2003) catalogue in this longitude
range, for which fluxes at 2.7 GHz are given, but only 159 of them have RRL velocities.
Some of the remaining 105 objects correspond to known or possible SNRs (Section
6.4). The 2.7 GHz flux densities for the 159 objects are extrapolated to 1.4 GHz as-
suming the free-free is optically thin therefore well approximated by a power law with
α = −0.1. At a resolution of 14.8 arcmin the free-free emission is mostly dominated
by low density, extended Hii regions, with a small contribution from UCHii regions.
The example of the Hii region W49, for which I use the published flux density at
1.4 GHz from Altenhoff et al. (1970), shows that assuming optically thin emission at
most affects the results by 20%.
In order to compare the Paladini et al. (2003) catalogue and the present list of
sources, the flux densities and sizes are used to simulate Gaussian profiles and create
two maps of Hii regions. These are smoothed to 14.8 arcmin resolution and converted
into brightness temperature using equation (3.2). The comparison is shown in Fig.
6.12 (a) as a function of latitude, averaged over the whole longitude range. The two
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(a) (b)
Figure 6.12: (a) Comparison between the contribution from the 159 Paladini et al.
(2003) sources (dotted line) and the 57 sources from extrated from this work (full
line), versus latitude. (b) Separation between the diffuse emission and the emission
from individual Hii regions at 1.4 GHz. The full line represents the total free-free
emission and the dotted is the contribution from the SExtractor Hii regions. Both plots
are for the longitude range 20◦ to 44◦ with 0◦.2 latitude bins.
distributions are very similar, with FWHM of 0◦.48 and 0◦.53 for the Paladini et al.
and SExtractor lists, respectively. The present catalogue includes the more extended
emission around and between features which is not included in the higher resolution
Paladini et al. (2003) catalogue, which is missing ∼ 20% of the flux.
It is also of interest to quantify how much of the free-free total flux is contributed
by the individual Hii regions, as extracted in this work. Fig. 6.12 (b) compares the
latitude distribution of the Hii regions recovered with SExtractor with that of the total
free-free emission, in the longitude range 20◦ to 44◦. It can be seen that the Hii regions
are a narrower distribution than the total diffuse emission, with about half the FWHM.
This is consistent with the narrower distribution of the OB stars around the plane, with
a FWHM of ∼ 70 pc (Bronfman et al. 2000), compared with the thin disk of diffuse
Hii derived from pulsar Dispersion Measures, with a FWHM of ∼ 160 pc (Reynolds
1991). The gas in the thin disk is ionised by the UV light from OB stars that escapes
the Hii regions around them. The z-distribution of the diffuse emission is further in-
vestigated in Section 6.6.3. The individual Hii regions account for ∼ 30% of the total
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free-free emission in this region of the Galaxy.
6.4 Catalogue of SNRs
The synchrotron map derived in this work, as the best measure of synchrotron emission
at 1.4 GHz, enables the detection of synchrotron features, most of which are SNRs.
The source extractor algorithm SExtractor has been applied to the synchrotron map of
Fig. 6.7 in order to create a list of SNRs in the region ℓ = 44◦ to 20◦. The background
mesh size, the filter function and the detection minimum area are the same as for the
free-free map but the detection threshold is decreased from 2 to 1.5σ. The rms of the
resulting background map is 0.69 Jy/beam and the threshold limit for a detection is
therefore 1.03 Jy/beam. As for the free-free map, the Mexican hat filter only allows
for the brightest and more compact SNRs to be detected. Objects like the diffuse and
extended SNR W50, which is not detected using this filter function, is recovered if the
Gaussian filter is applied since it does not remove large angular scales. Therefore, I
use both filters to compile the list of SNRs. Table 6.4 gives the angular size, postion
angle, peak and flux density for the 26 SNRs recovered by SExtractor. Their positions
and sizes are illustrated in Fig. 6.13.
Green (2009a) gives the most recent compilation of Galactic SNRs along with an
online1 detailed version of the 274 sources, which is regularly updated. This catalogue
is based on research in the published data and lists the angular size, flux density at
1 GHz and spectral index for each object. It contains 36 SNRs in the range ℓ = 20◦ to
44◦, 23 of which are detected in this survey and listed in Table 6.4. The remaining three
sources detected, objects 3, 4 and 10, are not in the Green catalogue and are described
in more detail in the next section. The Green catalogue also gives the distance to the
SNR, when known. Most of the distances to compact SNRs in this region of the Galaxy
have been revised using the Very Large Array (VLA) Galactic Plane Survey (VGPS,
Stil et al. 2006) Hi observations.
1http://www.mrao.cam.ac.uk/surveys/snrs
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Table 6.4: SNRs in the region ℓ = 44◦ to 20◦, extracted from the present synchrotron
map using SExtractor. The column descriptions are the same as in Table 6.3. The
last column identifies a source by its commonly used name as in the Green (2009a)
catalogue. The Flag parameter 16 for the first and last SNR listed means that the
object’s aperture data are incomplete or corrupted, which is due to this object being
near the image boundary. The 7 objects with the star symbol before the number are
those extracted using a Gaussian filter.
Number ℓ b θa θb P.A. Peak Flux Flag Name
(◦) (◦) (′) (′) (◦) (Jy/beam) (Jy)
⋆1 43.98 1.60 35.4 25.4 −77 2.0 ± 1.1 10.1 ± 5.8 16.0
2 43.23 −0.13 16.0 p 58 29.8 ± 1.3 49.7 ± 5.5 0.0 W49B
⋆3 42.12 −0.21 51.34 41.1 78 3.8 ± 1.3 40.3 ± 14.4 1.0
⋆4 41.45 0.39 26.8 20.3 1 4.3 ± 1.4 15.0 ± 5.1 1.0
5 41.10 −0.30 p p −3 13.3 ± 1.5 16.0 ± 1.8 0.0 3C397
⋆6 40.58 −0.45 34.0 28.0 −13 5.0 ± 1.6 26.9 ± 9.2 3.0
⋆7 39.78 −2.34 113.4 53.2 73 4.9 ± 1.3 141.3 ± 40.3 17.0 W50
8 39.22 −0.32 4.2 p −14 12.7 ± 1.8 12.7 ± 1.8 0.0 3C396
⋆9 36.61 −0.83 21.0 p −51 2.3 ± 1.4 4.0 ± 2.4 0.0
10 35.59 −0.44 p p 55 6.7 ± 1.5 6.7 ± 1.5 0.0
11 34.68 −0.44 26.0 15.4 −56 71.2 ± 1.6 208.1 ± 18.6 0.0 W44
12 33.67 0.06 p p 43 10.3 ± 1.6 10.3 ± 1.6 0.0 Kes79
⋆13 33.21 −0.51 7.9 p 14 2.3 ± 1.4 2.3 ± 1.4 0.0
14 32.86 −0.05 p p −1 6.5 ± 1.5 6.5 ± 1.5 0.0 Kes78
15 31.89 0.04 3.9 p 25 14.7 ± 1.7 14.7 ± 1.7 0.0 3C391
16 29.69 −0.27 p p 80 7.9 ± 2.0 9.5 ± 2.4 0.0 Kes75
17 28.61 −0.05 p p −72 8.6 ± 1.8 8.6 ± 1.8 0.0
18 27.75 0.60 p p 0 10.9 ± 1.4 10.9 ± 1.4 0.0
19 27.37 0.00 p p −51 8.9 ± 1.3 10.7 ± 1.6 3.0 4C-04.71
20 24.73 −0.70 p p 90 5.4 ± 1.5 5.4 ± 1.5 0.0
21 24.58 0.62 10.1 p 23 11.4 ± 1.7 12.7 ± 3.2 0.0
22 23.17 −0.24 8.8 p 81 13.0 ± 2.3 14.5 ± 4.1 2.0 W41
23 22.67 −0.24 17.3 2.4 73 15.5 ± 2.0 24.1 ± 5.1 0.0
24 21.81 −0.57 14.5 7.3 34 32.5 ± 2.0 51.0 ± 6.2 0.0 Kes69
25 21.50 −0.87 p p 0 8.2 ± 2.1 9.8 ± 2.5 0.0
26 19.94 −0.21 17.1 p −47 12.0 ± 1.7 16.4 ± 4.3 16.0
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Figure 6.13: The synchrotron map of the region ℓ = 44◦ to 20◦, with the 19 SNRs listed
in Table 6.4. The ellipses are drawn using the semi-major and minor ellipse parameters
and the postion angle. The green ellipses show the 7 SNRs detected using the Gaussian
filter. The contours are the same as in Fig. 6.7.
From the 13 SNRs listed by Green (2009a) that are not detected by SExtractor, the
brightest object is G26.6+0.3, with flux density at 1.4 GHz of 7.2 Jy and angular size of
10 arcmin. At this position in the synchrotron map there is a decrease of about 37 per
cent in flux compared to the local background, which is due to the presence of strong
RRL emission, both diffuse and from the Hii region number 49 in Table 6.3. Green
(2009a) points out that this object is not well resolved and is in a complex region.
The second brightest SNR, G30.7+1.0, has a flux of 5.2 Jy and size 24′ × 18′. This
SNR is on a ridge of emission on the synchrotron map, therefore is difficult to detect.
The remaining SNRs are mostly diffuse and have flux densities below 2.7 Jy, which is
comparable with the lowest flux density in Table 6.4, detected by SExtractor. Some
SNRs in the Green list are poorly defined, without angular sizes or flux measurements.
The flux densities listed in Table 6.4 are subject to calibration factors due to the
imaging process. Since the synchrotron map is the difference between the continuum
and free-free maps, it is not straightforward to identify the synchrotron sources to be
corrected as it was performed in Section 5.2.3 for the free-free objects. I use the angular
sizes listed in the Green catalogue to identify the objects that are less than 5 arcmin in
size, thus whose flux in Table 6.4 is increased by a factor of 1.2. These are SNRs 2,
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5, 16, 19 and 25. The corrected flux density of 9.5 ± 2.4 Jy for Kes75 agrees with the
value given by Green (2009a), 7.9 Jy, when extrapolated to 1.4 GHz using the listed
spectral index α = 0.7. The flux density of 49.5 ± 5.5 Jy for W49B is 50% higher than
the value given by Green (2009a), 32.3 Jy. This is due to the size of ∼ 16′ × 5′ fitted to
this source, which is 4′ × 3′ in the Green catalogue, and also because W49B is likely
confused with its thermal counterpart W49A.
Most of the sources in Table 6.4 are smaller than the beam, their sizes and flux
densities are in overall agreement with the values in the Green catalogue. For example
the strongest SNR in this region of the Galaxy, W44, is fitted in the present synchrotron
map with a size of 26′.0 × 15′.4 and a flux density of 208.1 ± 18.6 Jy. The flux density
given by Green (2009a) for W44 is 203 Jy at 1.4 GHz, extrapolated from 1 GHz with
the listed spectral index α = 0.37, and the angular size is 35′ × 27′.
6.4.1 Comments on individual synchrotron sources
G42.12-0.21 and G41.45+0.39 − These objects in Table 6.4 correspond to two of the
three SNR candidates by Kaplan et al. (2002). The angular sizes and flux densities
found here are larger than the values obtained by Kaplan et al. (2002) using the 1.4 GHz
NRAO VLA Sky Survey (NVSS, Condon et al. 1998) data, which may resolve out
some of the emission. This can also be due to the fact that these two faint objects
are recovered with the Gaussian filter, thus are likely to be confused with the strong
background on the plane. Moreover, they are both flagged as having bright sources
nearby. The third possible SNR in Kaplan et al. (2002), G43.5+0.6, is too faint in the
NVSS to derive a flux density and it is indeed only marginally visible, at a ∼ 1.2σ
level, in the present synchrotron map.
G35.6-0.4 − The SNR G35.6-0.4 has been recently re-identified by Green (2009b),
using VGPS and data from other single-dish surveys at higher frequency to confirm
the non-thermal spectral index of this object. The SNR is seen in the VGPS map with
a size of ∼ 15′ × 11′ and has an flux density of 7.8 Jy. These results are consistent with
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what is found in this work, 6.7 ± 1.5 Jy for a relatively compact source of size similar
to the beam.
The resolution of the 2.7 GHz data (Reich et al. 1984) is very similar to that of the
100 µm data by Miville-Descheˆnes & Lagache (2005). This is ideal to investigate the
spatial coincidence between dust and radio continuum emission, which can be used
to distinguish between Hii regions and SNRs (Haslam & Osborne 1987; Broadbent
et al. 1989). The radio to dust ratio is higher for SNRs than for Hii regions, since
dust is not usually associated with synchrotron emission. This correspondence helps
us understand that the artifacts seen in the synchrotron map around the Hii region
complexes W47, W43 and W42 are correlated with individual Hii regions, and are thus
caused by electron temperature variations. On the other hand, the lack of significant
dust emission for a radio emitting source points toward a non-thermal origin. This is
the case of the sources at (ℓ, b) = (30◦.1,+1◦.3) and (ℓ, b) = (21◦.0,+2◦.0) in Fig. 6.13,
which show strong emission in the 2.7 GHz map but have no 100 µm counterpart. Both
sources are extragalactic, even though only (ℓ, b) = (21◦.0,+2◦.0) is currently identified
as such in the literature.
The double-lobed radio source (ℓ, b) = (30◦.13,+1◦.34)
The contour map of Fig. 6.14 (a) is the VGPS 1.4 GHz emission of the radio source.
At this survey of resolution 1 arcmin a double-peaked feature is clearly visible. The
elongated structure of this source has been detected at lower frequencies, in particular
at 74 MHz in the VLA Low-Frequency Sky Survey (VLSS, Cohen et al. 2007). The
catalogue from this survey gives a flux density of 41.97 ± 4.24 Jy and an angular size
of 2′.05×0′.59 with a 1.3 arcmin beam. At 1.4 GHz, the survey by Reich et al. (1990b)
at 9.4 arcmin resolution gives a flux density of 4.62 ± 0.05 Jy for a slightly extended
source of angular size less than 11 arcmin. The higher resolution survey at 2.7 GHz
(Reich et al. 1984) detects a source of 7′.4× 4′.3 size and flux density of 3.57± 0.04 Jy.
Combining the three measurements results in a spectral index of α = −0.71 ± 0.05,
which is within the observed values for a SNR (Green 2009a). Nevertheless, the shape
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Figure 6.14: (a) Contour map of the radio source (ℓ, b) = (30◦.13,+1◦.34) from the
VGPS survey at 1.4 GHz and 1 arcmin resolution. The contours are given at every 5%
from 5 to 90% of 0.92 Jy, which corresponds to the maximum on the southern lobe.
The first 4 contours are labelled. (b) The Hi spectrum from the VGPS survey against
the radio source, taken at (ℓ, b) = (30◦.15, 1◦.31) (full line). The dotted and dashed
lines are the off source spectra, measured at the same latitude and longitudes of 31◦.13
and 31◦.17, respectively. The thick long-dashed line is the absorption spectrum of the
source which shows that absorption is detected at all velocities, inside and outside the
Solar circle, confirming its extragalactic origin.
of the radio source and its angular size points toward an extragalactic origin. Helfand
et al. (1992), on their 20 cm study with the VLA and identification of 1457 compact
sources near the Galactic plane, also suggest that this is an extragalactic object. If
this is the case, such a bright and extended object, has probably been missed from
extragalactic source catalogues due to its proximity to the Galactic plane.
I have used VGPS Hi data to confirm that (ℓ, b) = (30◦.13,+1◦.34) is a radio galaxy.
The latitude coverage of the VGPS Hi spectral cube, |b| . 1◦.315, only includes the
southern lobe of the source, which is enough to obtain and compare spectra on and
off the source. These are shown in Fig. 6.14 (b). Hi absorption against the object is
detected at all velocities including negative velocities, which gives the confirmation
that (ℓ, b) = (30◦.13,+1◦.34) is outside the Galaxy.
This interesting object deserves further study at higher angular resolution.
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6.5 The free-free latitude distribution of Tb - Compari-
son with other data
In Section 6.1.5 the distribution of free-free emission was derived on and near the
Galactic plane. In this Section, other data are used to compare and extend our analy-
sis of the free-free emission, namely Hα, WMAP total power and maximum entropy
method (MEM) estimate of the free-free. In order to provide a more sensitive determi-
nation of the latitude distribution up to |b| = 4◦, the free-free emission is averaged in
longitude.
6.5.1 The Hα latitude distribution
I follow the approach of Dickinson et al. (2003) to derive the Hα latitude distribution.
WHAM, the sensitive Hα survey of the northern sky provides a map with accurately
determined baselines at a resolution of ∼ 60 arcmin (Haffner et al. 2003). This map is
then corrected for absorption by Galactic dust using the Schlegel et al. (1998) 100 µm
map corrected to a fixed dust temperature of 18.2 K. The total absorption (for an extra-
galactic object) at the wavelength of Hα is estimated as (0.0462 ± 0.0035)DT magni-
tudes where DT is the 100 µm temperature-corrected intensity in MJy sr−1. Dickinson
et al. find that the effective absorption for Galactic emission is ∼ 0.3 of this value, so
the corrected Hα intensity is IcorrHα = IHα × 10DT×0.0185×fd . This 0.3 factor, fd, represents
the relative distribution of the gas (Hα) and dust in the line of sight at intermediate
and high Galactic latitudes. When the effective absorption reaches 1 magnitude, the
correction becomes uncertain and the estimate of the true Hα intensity is unreliable.
The Hα intensity IHα is converted to Tb using the formula given in equation (2.17),
Section 2.1.3. The conversion is equivalent to 3.87 mK/R for Te = 7000 K and ν =
1.4 GHz. I use the electron temperature relationship of equation (6.3) for |b| ≤ 4◦ and
assume a constant Te of 7000 K for 4◦ < |b| ≤ 30◦. As a result, the conversion between
corrected Hα intensity and Tb varies between 3.17 and 4.35 mK/R, for Te of 4900 K
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Figure 6.15: The Hα latitude distribution, uncorrected (red) and corrected for dust
absorption (black) as well as the free-free estimated from the RRLs (blue), averaged
for the whole 24◦ longitude range. The DT distribution is also shown (green) in units of
MJy/sr, read from the right-hand vertical axis. The WHAM intensity is corrected for
dust absorption and converted to brightness temperature using the Te relationship from
equation (6.3) plus a constant Te of 7000 K for |b| > 4◦, ν = 1.4 GHz and fd values of
0.55 and for 0.32 the negative and positive sides of the distribution, respectively. Note
the logarithmic vertical scale.
and 8590 K, respectively.
Figure 6.15 shows the latitude distribution of Tb, between b = −30◦ to 30◦ averaged
over the longitude range ℓ = 20◦ to 44◦, for the uncorrected Hα (red line), the corrected
Hα (black line), the RRLs free-free estimation (blue line) and the DT dust (green line).
The angular resolution of the data used in Fig. 6.15 is 60 arcmin. I use the free-
free map smoothed to 1◦ and the Hα data to derive the fd value that best fits the two
distributions between latitudes of |b| = 3◦ to 4◦. The correct Hα intensity is calculated
for a grid of fd values ranging from 0 to 1, every 0.01, and compared with the free-
free estimated from the RRLs. The best fit fd values corresponds to the minimum
chi-squared (χ2) and the errors are estimated from the χ2 curve, as half its width at
1σ. For the negative and positive sides of the latitude distribution fd is 0.48+0.36−0.33 and
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0.32+0.05−0.26, respectively. The Hα data in Fig. 6.15 are corrected for dust absorption using
the derived fd values. The effective absorption is about 1 magnitude at |b| ≃ 5◦ and
increases to 2 magnitudes at |b| ≃ 3◦. At this latitude, the brightness temperature from
the Hα and RRLs is ∼ 120 mK. A uniform mixing of gas and dust corresponds to an
fd value of 0.5. Our derived values at |b| = 3◦ to 4◦ are similar to uniform mixing.
However, at lower latitudes the values determined from the Hα data are far higher
than the observed free-free emission from RRLs. This would appear to indicate that
the Schlegel et al. (1998) dust model for DT for a fixed dust temperature of 18.2 K
overestimates the absorption produced by the warm (40 K) dust on the Galactic ridge.
This is not unexpected since the dust properties such as temperature, composition, ISM
radiation field, along this deep line of sight through the Galaxy are different from those
at intermediate latitudes covered by the Schlegel et al. (1998) model.
This shows that the RRL data can be combined with Hα data to overcome the
high dust obscuration on the Galactic plane on creating a full-sky map of the free-free
emission.
6.5.2 WMAP free-free MEM model
The WMAP team has estimated the contribution of synchrotron, thermal dust and free-
free emission, at each band and at 1◦ resolution, using a Maximum Entropy Method
(MEM) (Gold et al. 2011). The MEM is an iterative procedure that fits for the emission
of each component and also the synchrotron spectral index, assuming that the dust and
free-free temperature follows a power law with β = +2 and β = −2.14 (T ∝ νβ),
respectively. Where the WMAP’s S/N is low, templates made from external data are
used as priors. These templates are: the Haslam 408 MHz map (Haslam et al. 1982) for
the synchrotron, the extinction-corrected Hα map (Finkbeiner 2003) for the free-free
and the Model 8 of Finkbeiner, Davis, & Schlegel (1999) map for the thermal dust.
Figure 6.16 shows, for three longitude ranges, the brightness temperature estima-
tion from the RRLs (dotted line) with an assumed Te given by equation (6.3) and a
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Figure 6.16: Free-free emission estimated from the RRLs and from the WMAP 23 GHz
MEM versus latitude, averaged over three longitude ranges. The full line represents
the WMAP MEM and the dotted line is the free-free emission from the ZOA smoothed
to 1◦ resolution and an assumed Te given by equation (6.3).
spectral index β = −2.13 and WMAP’s MEM (full line), at 23 GHz2. The peak of
the MEM distribution is always higher than that of the RRLs, for the three longitude
ranges. For the brighter longitude range ℓ = 20◦ to 32◦, Fig. 6.16 (c), the MEM esti-
mation is about 48 per cent higher than the RRL prediction. In this region, the mean
electron temperature on the plane is ∼ 5700 K which would have to be increased to
about 8000 K for the two peaks to agree. The FWHM of the RRL latitude distribution
is ∼ 1◦.32, slightly narrower than that of the MEM, 1◦.47. This reflects the narrow RRL
distribution seen in Fig. 5.19 and the possible systematic effects of the sharp slope
2Downloaded from the website http://lambda.gsfc.nasa.gov.
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for |b| & 1◦, over this strong continuum emitting region (Section 5.3.3). The largest
difference is for the range ℓ = 32◦ to 44◦, Fig. 6.16 (b), where the MEM predicts ∼ 67
per cent more emission at b = 0◦ than the RRLs. This implies that Te should go from
the mean Te of 6400 K to around 10000 K for the RRL free-free peak to agree with
that of the MEM. On the other hand, both distributions have approximately the same
FWHM of ∼ 1◦.52. This longitude range is mostly dominated by individual Hii regions
rather than groups of Hii regions, as the lower longitude range of the region is. If a 30%
contribution by individual and compact (∼ 5′) Hii regions is assumed (Section 6.3.3),
for example W49, it needs to be corrected by 20% due to the imaging process (Section
5.2.3). This small correction is enough to reduce the MEM overprediction above the
RRLs by ∼ 10%. This reflects the importance of the separation between diffuse and
compact free-free emission and subsquent correction depending on angular scale.
Planck Collaboration et al. (2011b) recently reported a similar result using Planck
data. They showed that the MEM free-free estimate on the Galactic plane is higher than
what is predicted by their model of the multi-phase ISM, which recovers ∼ 80% of the
WMAP MEM emission at 23 GHz. With the restricted frequency range of WMAP in
separating at least 4 components, there is some uncertainty in the MEM separation of
the synchrotron and the free-free components.
6.5.3 WMAP: 23 to 94 GHz - identification of the four foreground
components
Our determination of the free-free emission from the RRL data makes a significant con-
tribution to the derivation of the Galactic foregrounds on the Galactic plane at higher
frequencies. The WMAP 7-year (Jarosik et al. 2011) data at 23, 33, 41, 61 and 94
GHz have the resolutions of ∼ 49, 37, 29, 20 and 13 arcmin respectively, which are
adequate to investigate the Galactic latitude distribution which has a width of ∼ 1◦ in
the longitude range of the present study. I use the 1◦ resolution WMAP data for each
of the five frequency bands.
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The synchrotron component is given by the 408 MHz survey (Haslam et al. 1982),
made with a resolution of 51 arcmin; its brightness temperature spectral index is as-
sumed to be β = −3.0 (Banday et al. 2003; Davies et al. 2006). The free-free emission
is that derived from the RRLs with a resolution of 14.8 arcmin, assuming an electron
temperature given by equation (6.3). Its spectral index is assumed to be β = −2.13
over the frequency range of WMAP. A spectral index of β = −2.10 is used to correct
the synchrotron map for free-free emission at 408 MHz. Both the synchrotron and the
free-free templates are smoothed to 1◦ for this comparison.
Figures 6.17 (a) to (e) show the latitude cuts at each WMAP frequency for the
longitude range 20◦ to 44◦. The black line gives the total WMAP brightness temper-
ature, while the green line gives the total minus the free-free (in red) and minus the
synchrotron (in blue), at each frequency. It is seen immediately that the synchrotron is
a minor contributor at WMAP frequencies - amounting to only 6 per cent at 23 GHz
and correspondingly less at higher frequencies falling to only 1 per cent at 94 GHz.
The green line represents the anomalous emission. At 23, 33 and 41 GHz this excess
emission is 58, 57 and 55 per cent, respectively, of the total emission. Expressed more
physically, the anomalous emission at these three frequencies is 1.6, 1.4 and 1.3 of
the free-free emission. Assumptions on the free-free and synchrotron spectral indices,
electron temperature and calibration errors do not affect the results on the anomalous
emission detection by more than 20 per cent.
At 61 and 94 GHz the thermal (vibrational) dust emission is a significant contribu-
tor. On the plane this dust is warmer (TD ≃ 40 K) than at intermediate latitudes (20 K)
having been heated by the radiation field responsible for ionising the ISM to produce
the free-free. At 94 GHz the excess emission is 3 times the free-free. If a thermal dust
emissivity spectral index of β = +2.0 is assumed, it will contribute 38 per cent of the
observed excess at 61 GHz. On the other hand, if β = +1.5, it contributes 48 per cent
and will have a significant contribution, 20%,at 41 GHz.
A critical test for the spinning dust model is that the width of the observed anoma-
lous radio emission should be similar to that of the (warm) dust. The 100 µm IRIS
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(a) 23 GHz (b) 33 GHz
(c) 41 GHz (d) 61 GHz
(e) 94 GHz
Figure 6.17: Comparison between WMAP, free-free and synchrotron versus latitude,
at each frequency (23 GHz (a) to 94 GHz (e)), averaged over the longitude range 20◦ to
44◦, at 1◦ resolution. The black line represents the WMAP temperature (I) 7-year data;
the green line is the result of WMAP minus the the free-free and minus the synchrotron;
the blue line is the 408 MHz data scaled with a spectral index β = −3.0. The assumed
electron temperature in the free-free estimation is given by equation (6.3).
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(a) 23 GHz (b) 33 GHz
(c) 94 GHz
Figure 6.18: The anomalous emission (i.e., total minus free-free minus synchrotron)
latitude distribution for the longitude range 20◦ to 44◦ at 23 GHz (a), 33 GHz (b)
and 94 (c) GHz (full line), compared with the 100 µm surface brightness distribution
(dotted line). The assumed electron temperature in the free-free estimation is given by
equation (6.3).
data (Miville-Descheˆnes & Lagache 2005), again smoothed to 1◦, are compared with
the WMAP data in Figs. 6.18 (a), (b) and (c) at 23, 33 and 94 GHz, for the longitude
range 20◦ to 44◦. The latitude distributions of the radio (full line) and dust emissions
(dotted line) are clearly similar both at 23 and 33 GHz (spinning dust) and at 94 GHz
(thermal dust). The half power widths are 1◦.69, 1◦.89, 1◦.83 and 1◦.87 for 100 µm,
23 GHz, 33 GHz and 94 GHz respectively. The ratio of 33 GHz to 100 µm brightness
is 9.5 µ K(MJy sr−1)−1, a value similar to that found at intermediate latitudes (Davies
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et al. 2006). These WMAP data are in agreement with models of spinning dust.
6.6 Galactic Structure
RRL surveys of Hii regions have provided information on the kinematics and location
of the ionised gas in the Galaxy, tracing the spiral arms and sites of recent star for-
mation. The combination of the Paladini et al. (2003) catalogue with the new objects
detected by Bania et al. (2010) give the best current picture of the longitude-velocity
distribution of Galactic Hii regions, with unambiguous evidence for an ordered pat-
tern of Galactic structure. The present RRL survey is unique for it provides equivalent
information for the total point source and diffuse ionised gas on the Galactic plane
between 20◦ and 44◦.
6.6.1 Distribution of RRL emission in longitude and velocity
Figure 6.19 shows the contours of RRL temperature in velocity-longitude space, for
spectra averaged in 0◦.5 in longitude within 1◦ of the Galactic plane. The first positive
contour (full line) is at ∼ 1σ (Section 5.2.1). It shows that there is no emission at
negative velocities in this longitude range, knowing that the low-level features at ℓ =
38◦ and between ℓ = 23◦ and 31◦ are associated with carbon and helium lines (Section
6.7). This result is very similar to that found in the H166α line survey by Lockman
(1976), shown in Fig. 1.6. This RRL survey at a resolution of 21 arcmin, detected
emission in all the 1◦ intervals from 4◦ to 44◦. Both longitude-velocity maps show
a minimum of emission at ℓ ∼ 40◦, no emission at 0 km s−1 and a large change in
emission with longitude.
6.6.2 Radial distribution of Galactic ionised emission
The RRL velocity of the free-free emission, when converted into a distance to the
Galactic centre, can be used to obtain the radial distribution of the ionised gas. This
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Figure 6.19: The longitude-velocity distribution of RRL brightness temperature within
1◦ of the Galactic plane. Contours are at ±8,±6,±4,±2,±1 and 10 per cent, then at
every 5 per cent from 10 to 50 per cent and every 10 per cent from 60 to 90 per cent
of the maximum line temperature observed, 272 mK. The first 4 contours are labelled
and the dotted lines correspond to the negative contours.
is shown in Fig. 6.20 as the full line histogram. The RRL spectra are averaged into
a 12 arcmin pixel grid, to reduce the correlation between the points, for the longitude
range ℓ = 20◦ to 44◦ and |b| ≤ 1◦. The Galactocentric radius RG is calculated as in
Section 6.1.5 using equation (6.2), with R0 = 8.5 kpc, and the velocity that corresponds
to the peak of the line for each spectrum. Fig. 6.20 also shows the distribution of the
145 Hii regions from the Paladini et al. (2003) catalogue that are within the same region
of the sky (dotted line, scale by a factor of 4). The two distributions are very similar
and show narrow peaks at ∼ 4.4 kpc and 5.9 kpc that correspond to the Scutum and
Sagittarius spiral arms, respectively. This indicates that the diffuse emission follows
the same radial distribution as the Hii regions.
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Figure 6.20: Radial distribution of the ionised emission (full line) and the Paladini
et al. (2003) Hii regions (dotted line) between ℓ = 20◦ and 44◦ and |b| ≤ 1◦. The
Galactocentric radius of the averaged 12 × 12 arcmin2 RRL spectra is calculated as
described in Section 6.1, using R0 = 8.5 kpc. The Paladini et al. (2003) histogram is
scaled by a factor of 4 for a better comparison and both distributions are plotted with
0.25 kpc wide bins. The two spiral arms, Scutum and Sagittarius, show as narrow
peaks at 4.4 kpc and 5.9 kpc.
The radial distribution obtained by Bania et al. (2010), using the 602 Hii regions
detected in their survey, also shows two peaks at 4.3 kpc and 6.0 kpc. These values
of RG correspond to tangent points in longitude of 30◦ and 45◦ and terminal velocities
of 110 km s−1 and 63 km s−1, respectively. The fact that the present survey covers
ℓ ≤ 44◦ suggests that it is missing part of the emission from the tangent point of the
Sagittarius arm. This can be partly responsible for the narrower peak of this spiral
arm, ∼ 0.5 kpc, compared with that of the Scutum arm, ∼ 1 kpc. Another important
factor is the channel width and spectral resolution of the present survey, that limits
the determination of RG and in particular the fact that only one velocity is assigned
to each pixel, therefore not accounting for a possible second component of emission.
Moreover, there is a spread of velocities in the spiral arms due to non-circular motions,
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less than a few per cent of the rotational velocities, of about 10 km s−1. At the distance
and radial velocity of the Sagittarius arm, the error on RG due to the 20 km s−1 spectral
resolution is about 0.5 kpc. Nonetheless, as a similar width of the Sagittarius arm is
seen in the distribution of Hii regions, this is likely to be a real feature.
6.6.3 The z-distribution of the diffuse ionised gas
Having identified the Sagittarius and Scutum arms in the RG and velocity space, I
am now able to separate the emission from each of the spiral arms and investigate
their azimuthal extent. Figs. 6.21 (a) and (b) show the integrated RRL emission over
50 km s−1, from 80 to 130 km s−1 and from 30 to 80 km s−1, respectively. Fig. 6.21
(a) shows the narrow distribution of the high-velocity emission from the Scutum arm
that covers mainly ℓ . 34◦. The lower emission for ℓ > 34◦ originates in the wings
of RRLs at V ∼ 80 km s−1. The emission from the Sagittarius arm covers the whole
longitude range and has a broader distribution around the plane. Fig. 6.21 (c) shows
that the RRL emission at V ∼ 0 km s−1 is attributed to the W49 and W40 Hii regions,
with some emission from W45, at V ∼ 25 km s−1 and from the positive latitude extent
of the W47 complex.
The latitude profiles of Figs. 6.21 (d) and (e) show the narrower z-distribution of the
Scutum arm, with a FWHM of ≃ 0◦.78, compared with the slightly broader distribution
of the Sagittarius arm, with FWHM of ≃ 0◦.85. The Galactocentric distances to the
tangent points give a mean distance to the Sun of 6.0 and 7.3 kpc for the Sagittarius
and Scutum arms, respectively. Using the observed FWHM of the latitude profiles
gives a z-thickness of about 100 pc, σ ∼ 45 pc, for the diffuse ionised gas about
the Galactic plane. This compares with σ ∼ 70 pc, the value found by Reynolds
(1991) using pulsar Dispersion Measures and reflects the fact that emission measures
trace the densest parts of the ionzed gas, EM ∝ n2e , compared to dispersion measures
which trace ne. The latitude distribution of the Sagittarius arm, Fig. 6.21 (e), shows
a broader component of FWHM ≃ 2◦ that corresponds to the emission from the near
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Figure 6.21: Maps of RRL emission integrated over 50 km s−1, centred at
105 km s−1 (a), 55 km s−1 (b) and 5 km s−1 (c), at a resolution of 14.8 arcmin. Contours
are given at every 0.1 K km s−1 from −0.4 to 0.4 K km s−1, every 0.2 K km s−1 from
0.4 to 2 K km s−1 and then at 2.5, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25 K km s−1. The
negative contours are dotted. Figs. (d) and (e) are the latitude profiles that correspond
to maps (a) and (b), respectively, averaged over the longitude ranges indicated.
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side, whereas emission from the far side is responsible for the narrow component. The
negative mean value of the peak in both latitude distributions is consistent with the
result from Reed (1997) that the Sun lies above the Galactic mid-plane.
6.7 Helium and Carbon RRLs
Helium and Carbon RRLs are observed in the HIPASS/ZOA spectra. The expected
velocity separation of 122.1 km s−1 and 149.5 km s−1 between the hydrogen RRL
and the helium and carbon lines, respectively, allow their identification. Due to the
spectral resolution of 20 km s−1, these two RRLs are sometimes blended. When the
carbon RRL is amplified by maser emission by foreground gas, it shifts towards lower
velocities and the two can be separated.
Figure 6.22 shows two examples of spectra, for which helium and carbon lines are
detected, toward the Hii regions W47 and W40. These RRLs are baseline corrected by
fitting a polynomial to the spectrum between the hydrogen and the helium lines and to
the equivalent portion of the spectrum at lower velocities. The polynomial is of second
and fourth orders for the W47 and W40 Hii regions, respectively. Fig. 6.22 (b) shows
the helium and carbon RRLs for W47, which has a velocity of 67 km s−1. The helium
line is detected at its expected separation from the hydrogen line, but the carbon RRL
is clearly shifted toward lower velocities, by ∼ 30 km s−1. This is expected if cold
gas between us and the Sagittarius spiral arm, where W47 is located, is contributing to
the carbon line emission. Gaussian fits to the lines give line widths of 25 km s−1 and
18 km s−1, and temperatures of 15 ± 4 mK and 20 ± 10 mK for the helium and carbon
RRLs respectively, and 159 ± 8 mK for the hydrogen line. The abundance of ionised
helium in this Hii region, given by the ratio between the He and H line temperatures,
is 0.09 ± 0.02, consistent with the values found in the literature (Section 2.4.2).
In the case of W40, which is a local Hii region, the C line is ∼ 150 km s−1 from the
H line. The line width given by the Gaussian fit is broad, 47 km s−1, which shows that
C and He RRLs are blended. The W40 Hii region has been widely studied at various
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Figure 6.22: Spectra for the Hii regions W47 (ℓ, b) = (37◦.8,−0◦.3) (top) and W40
(bottom), averaged over 12×12 arcmin2. A fit to the baseline is performed between the
dotted lines, excluding the helium/carbon feature, and is shown as the blue dotted line.
The right panels show the baseline corrected helium and carbon RRLs, with their rest
velocities given by the vertical dashed lines; here the blue dotted line is the Gaussian
fit to the RRLs. The carbon line is amplified by maser emission by the foreground gas
toward W47, at V = 67 km s−1 and for W40 is is blended with the weaker helium RRL.
wavelengths and in particular for carbon RRLs at 21 cm by Pankonin et al. (1977) and
9 and 4.6 cm by Valle´e (1987). Using these three frequencies, Valle´e (1987) derives an
electron temperature and density of 100 K and 1 cm−3, respectively, for the Cii region
that lies between the molecular cloud and the Hii region of W40. The high spatial
and spectral resolution observations by Valle´e (1987), at 4.3 arcmin and 2.7 km s−1,
respectively, show that the C line is actually ∼ 6 km s−1 away from its rest velocity, at
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6.5±0.2 km s−1, and at the same velocity as the CO molecular cloud, 6.7 km s−1 (Blitz
et al. 1982). The difference between the H and C velocities suggests that the Hii gas
originates from the edge of the Cii region (Valle´e 1987), in what is called a blister
model of the region.
He and C RRLs are detected along the Galactic plane in the ℓ = 20◦ to 44◦ re-
gion. Even though they have low signal-to-noise ratio further investigation and anal-
ysis should provide a statistical measure of the ionised helium abundance along the
Galactic plane.
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7Conclusions and future work
In this Chapter I give an overview and summary of the results from this work, followed
by the plans for the future of this project.
7.1 Overview of the results and conclusions
The main goal of this project is to estimate the free-free emission on the Galactic plane
using RRLs from the HIPASS/ZOA survey. This survey contains three RRLs which
can be averaged to provide a high sensitivity map of the RRL emission at an angular
resolution of 14.8 arcmin. The velocity resolution of 20 km s−1 is sufficient to be able
to identify the free-free emission from the Local, Sagittarius and Scutum spiral arms.
The data cube centred at (ℓ, b) = (40◦, 0◦) was used to illustrate the viability of such
an investigation and has demonstrated that the 1.4 GHz ZOA survey is of sufficient
sensitivity to be able to provide a map of free-free emission on the Galactic plane in
this longitude range. An important upgrade on the data analysis was the inclusion of
a new bandpass algorithm and the combination of ZOA and HIPASS data to correct
for the zero levels on the Galactic plane. This resulted in a major improvement of the
final spectra. The ZOA+HIPASS combined datacubes and corresponding RRL line
integral maps covering ℓ from 20◦ to 44◦ and |b| ≤ 4◦ were reduced using the upgraded
pipeline.
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In order to convert the RRL line integral to a free-free brightness temperature it is
necessary to have a value of the electron temperature Te. Using the HIPASS/ZOA con-
tinuum and line data I was able to calculate the electron temperature for 16 Hii regions
from the survey and to derive the Te variation with Galactocentric radius. I found
agreement with previous results (Shaver et al. 1983; Paladini et al. 2004) that have
a larger longitude coverage. The derived Te variation was used to convert the RRL
line integral to free-free brightness and to obtain the first direct measurement of the
free-free emission on the Galactic plane between ℓ = 20◦ and 44◦. When this map is
subtracted from the continuum map, the synchrotron emission is derived for this region
of the Galaxy, at 1.4 GHz. The latitude distribution of the synchrotron emission was
used to show that the electron temperature of the diffuse ionised gas is similar to that
of the individual Hii regions, with a mean of ∼ 6000 K on the Galactic plane. The syn-
chrotron distribution appears to have a narrow component, detected for the first time
at this frequency clear of the free-free emission. It has FWHM of ∼ 2◦, presumably
arising from the SNRs on the Galactic plane.
Using the source extractor algorithm SExtractor on the synchrotron map, I was able
to detect 23 well-known SNRs listed in the Green (2009a) catalogue, plus two SNR
candidates and one recently re-identified.
A list of Hii regions was extracted from the free-free map with SExtractor. The
flux densities given for the present 14.8 arcmin survey of Hii regions are accurate to
the 10 per cent level. The list of Hii regions is used to derive their contribution to
the total free-free emission in this region of the Galaxy, of ∼ 30%. The individual
Hii regions have a latitude distribution with about half the width of the total free-
free distribution, ∼ 0◦.5 at half power. This can be converted into a z-distribution for
the Hii emission at known distances and is consistent with previous results (Reynolds
1991; Bronfman et al. 2000) on the distribution of OB stars and the width of the thin
disk from Dispersion Measures.
The clear determination of the free-free emission in the ℓ-range 20◦ to 44◦, allows
the investigation of the anomalous microwave emission in this section of the Galactic
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plane by using WMAP data along with the 408 MHz synchrotron template. I have
shown that the excess (above the free-free and synchrotron) emission has the same
latitude distribution as the 100 µm far-infrared emission. This is expected for a dust-
correlated component of emission. The lower WMAP frequencies (23 and 33 GHz)
fit a spinning dust model for very small dust grains, whose emission is about 58 per
cent of the total and 1.5 of the free-free emission, in this longitude range. The highest
WMAP frequency (91 GHz) emission includes the long wavelength tail of the ther-
mal emission from large dust grains which is three times the free-free emission. The
61 GHz emission is composed of roughly equal amounts from both the free-free and
thermal dust mechanisms.
7.2 Future work
7.2.1 Mapping the full ZOA RRL survey
Using the upgraded RRL pipeline described in Chapter 5, the RRL data can be readily
reduced to produce spectral cubes with low noise and stable baselines for the brightest
regions. I reduced each of the 27 ZOA zones and combined with the respective HIPASS
data, resulting in a RRL cube covering the Galactic plane between ℓ = 196◦ → 52◦.
Fig. 7.1 shows the line integral for the inner Galaxy region, from ℓ = −50◦ to 50◦. The
preliminary map is obtained using the miriad task moment, set to calculate the integral
40 km s−1 either side of the line after rejecting spectra that are below 15 mJy/beam.
Even without a careful analysis and correction of the spectral baselines, this map shows
high significance detection of RRL emission from individual Hii regions and from
extended diffuse emission.
A deeper and thorough analysis, similar to that described in Chapter 5 for each of
the three zones under study, is needed for this larger area in order to recover the weaker
signals away from the Galactic plane and estimate the free-free emission throughout
the inner Galaxy.
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Figure 7.1: Preliminary maps of RRL integrated emission (in units of Jy/beam km s−1) from the combination of ZOA and HIPASS
data for the region ℓ = −50◦ to 50◦ and |b| ≤ 5◦.
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7.2.2 The distribution of ionised gas
The present RRL survey provides unique information on the velocity of the diffuse
emission. Figure 7.2 shows the velocity at peak of the RRL spectra on the Galactic
plane between ℓ = −50◦ and 50◦. It shows a clear gradient as expected, with positive
velocities increasing from ∼ 50 km s−1 at ℓ = 50◦ to ∼ 100 km s−1 at ℓ ≈ 30◦, where the
line of sight passes through the Scutum spiral arm, and then becomes negative in the
fourth quadrant of the Galaxy. This larger area will allow the radial distribution of the
diffuse gas to be better determined and compared with the distribution of Hii regions
given by the Paladini et al. (2003) and the Bania et al. (2010) samples, shown in Fig.
7.3. However, as described in Section 6.1.5 some spectra have more than one velocity
component, which are not straighforward to separate due to the spectral resolution of
this survey. In order to improve the Galactic radius calculation in Fig. 6.20, a careful
analysis and separation of the velocity components has to be performed.
The velocity information of the ionised gas is of great importance for the Galaxy
inversion models (Paladini et al. 2007; Planck Collaboration et al. 2011b). These aim
at constructing the 3D distribution of the various components of the ISM in the Galaxy
and determining the properties of dust and gas in the different environments in the
Milky Way. At the present these models lack of information on the diffuse ionised gas
distribution.
7.2.3 Other regions of interest at intermediate latitudes
The large-scale diffuse ionised gas at intermediate and high latitudes is observed in
Hα since RRLs are too weak to be detected. However, bright Hii regions and ionised
extended features in the local Gould’s Belt system have been observed in RRLs, such
as Barnard’s Arc (Gaylard 1984). For an electron temperature of 7000 K at 1.4 GHz,
1 R of Hα line intensity corresponds to 3.87 mK of free-free brightness temperature
(Section 2.1.3). From equation (2.39) it follows that in those conditions and for a
typical RRL of width 25 km s−1, its line temperature is ∼ 1.4 per cent of the continuum.
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Figure 7.2: Preliminary maps of the peak RRL velocity (in units of km s−1) from the combined ZOA+HIPASS RRL data cube for
the region ℓ = −50◦ to 50◦ and |b| ≤ 5◦.
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Figure 7.3: Radial distribution of Galactic Hii regions from the sample of 602 new
nebulae found by Bania et al. (2010) (filled histogram) combined with the Paladini
et al. (2003) sample (open histogram). From Bania et al. (2010).
Therefore, the Barnard’s Arc region which is ∼ 200 R in Hα, should be detected in
RRLs with a temperature ∼ 10 mK. This region of the sky at b ≈ −20◦ is not covered
by the ZOA survey, which combined with the HIPASS survey renders spectral cubes
with a typical noise level per channel of 3 mK (Section 5.2.1). Nevertheless, a line of
TL = 10 mK can still be detected using HIPASS data only, which is twice the noise of
the ZOA data, so with a rms noise per channel of ∼ 6 mK.
There is an increasing interest on the fraction of scattered Hα light at high latitudes.
Recent results by Witt et al. (2010) suggest that about half of the total Hα intensity ob-
served in many diffuse, translucent and dark dust clouds is due to scattering of Hα pho-
tons present in the Galatic interstellar radiation field that originate in emission regions
elsewhere. This explains the excess of surface brightness in Hα light, compared to
the surrounding sky, that has been observed toward high latitude dust structures (Mat-
tila et al. 2007). The free-free emission estimated from RRLs at intermediate latitude
ionised regions can be used to compare with Hα measurements to constrain the amount
of dust and scattered light.
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(a) (b)
C
C
He?
Figure 7.4: Average spectra for the (a) Rosette and (b) Orion B nebulae, showing car-
bon RRLs at . Note the strong C RRL from the Orion B region, detected in the curved
and noisy baseline. The same curvature is seen in the Rosette nebula’s spectrum, but
with a lower rms due to the contribution of ZOA data.
7.2.4 Helium and Carbon Lines
Using the HIPASS and ZOA individual scans in gridzilla, the 30◦×30◦ RRL datacube
centred at (RA, δ) = (5h.87, 2◦.00) was reduced. This covers the Orion A and B regions,
Bernard’s arc and the Rosette nebula and shows high significance RRL detections.
Barnard’s arc is seen with TL ≈ 20− 30 mK. Fig. 7.4 shows the spectra for the Rosette
nebula G206.2-2.1, which is within the ZOA survey coverage, and for the Orion B
nebula G205.5-16.4. Both spectra show carbon RRLs, at ∼ −150 km s−1 away from
the hydrogen line, as expected. It is difficult to estimate the C RRL intensity which is
seen to vary relative to the H RRL for the two examples shown here. Since there is no
significant shift in velocity, the C line is likely to be amplified by maser emission by
the continuum emission from the associated Hii region that lies behind the Cii region.
In order to study the physical properties of the Cii region, observations of C RRLs over
a range of frequencies are needed to compare with models.
The HIPASS survey will allow the investigation of C/He RRLs on bright Hii fea-
tures at intermediate latitudes whereas the deeper ZOA survey along the Galactic plane
will also provide information on the C/He RRLs from the the diffuse ionised gas in the
inner Galaxy.
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7.2.5 A full-sky template of free-free emission
With the advent of large-area Hα surveys, such as WHAM and SHASSA, templates for
the free-free emission at high and intermediate latitudes became available (Dickinson
et al. 2003; Finkbeiner 2003). Before the Hα data can be converted into a free-free
brightness temperature, they have to be corrected for dust absorption. At |b| . 5◦ this
correction breaks down and accordingly the Hα surveys cannot be used for this purpose
along the Galactic plane. RRLs in contrast to Hα give a direct measure of the free-
free with no dust absorption or contamination, thus can be used to complement the
Hα templates on the Galactic plane.
In Section 6.5.1 the combination of Hα and RRL data for the region ℓ = 20◦ to
44◦ gives an indicative value of the effective dust in the line of sight that is absorbing
the optical line. More importantly, it shows that the RRL prediction of the free-free
agrees with that of the Hα at b ≈ 4◦. A full-sky free-free template is the ultimate goal of
this project. For that each ZOA 8◦ × 8◦ RRL datacube still has to be carefully analysed
in order to recover the weak signals away from the Galactic plane, at |b| = 2◦ − 4◦.
A full-sky free-free template will be useful for CMB experiments such as Planck, in
particular for component separation. It is also important to understand the synchrotron
emisson for the first time on the Galactic plane. A clean synchrotron map at 1.4 GHz
helps to define the spectral index variation, namely to constrain the observed turnover
in spectral index (Banday et al. 2003; Davies et al. 2006).
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